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Abstract 
Measuring the three-dimensional movement of the scapula provides vital information in 
the analysis and treatment of shoulder clinical disorders and contributes to our 
understanding of its complex kinematics. However, the thick layer of skin overlying the 
scapular region means that all skin-based techniques inaccurately determine the scapular 
kinematics. The scapula locator makes use of a palpation technique in order to reduce the 
problem of skin deformation. At present, the scapula locator is the most accurate non-
invasive method of measuring scapular movements, but to date the method has only been 
used to measure the scapula position statically. 
Here, a new method was developed to measure the scapula movements dynamically; the 
method makes use of the scapula locator and feedback from pressure-sensors attached to 
the locator probes to track the scapula during movement. The reliability of the method 
after short-term practise as well as the intra-observer and inter-observer variations and the 
inter-session repeatability were tested and quantified in a series of studies. 
The method was found to be able to measure dynamic scapular movements in slow to 
medium paced arm movements to a good degree of accuracy as well as provide 
scapulothoracic measurements of high reliability compared to using the scapula locator 
on its own and to previously reported results in the literature.   
Finally, the new locator method was used to calibrate the acromial tracker in order to 
improve the accuracy of the device and facilitate its use as an alternative to the scapula 
locator in clinical studies involving fast (higher than functional velocities) dynamic 
activities. 
The new scapula locator method and the calibrated acromial tracker method present 
significant improvements on the available scapular measurement techniques particularly 
in measuring subtle scapular rotations of clinical importance, such as the scapular tilt. The 
methods described will be used in future clinical and sport-related studies.  
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1.1  Motivation  
Shoulder movement and kinematics is insufficiently understood even in a normal 
population; much of this poor understanding is caused by the difficulty in determining the 
scapula bone position during motion. Although studying joint motion in-vitro can provide 
some information about the joint range of motion and passive movements, an 
understanding of the active joint motion is essential in the assessment of pathologies and 
evaluation of treatments.  
Indeed an adequate understanding of the shoulder motion can lead to many improvements 
in the treatments of pathological shoulders (Ludewig and Reynolds, 2009; Fayad et al., 
2008). Studies investigating shoulder motion have already attempted to define normal 
shoulder movement, compare normal and pathological shoulders, looked at the functional 
range of motion in activities of daily living (ADL’s), and focused on the compensation 
and co-ordination between the joints of the upper-body. These works have led to building 
kinematic and kinetic biomechanical models, setting functional requirements for shoulder 
prosthesis and developments in the diagnosis of shoulder pathologies and the efficacy of 
physiotherapeutic treatments (Anglin and Wyss, 2000).         
However, shoulder studies have been set back by the many technical complications of 
measuring shoulder motion in-vivo and these difficulties are also the reasons why only a 
few upper-arm motion studies have been conducted in comparison with the lower-limb. 
The difficulties arise from a number of factors, such as: the absence of a standard 
repeatable motion as in gait for the lower-limb, the great range of motion achieved by the 
combination of the glenohumeral and scapulothoracic joint rotations and the thick layer of 
skin and soft-tissue covering the scapular and clavicular regions and obstructing access to 
bone movements. Some of these issues have been addressed in part in the literature and a 
number of techniques have been specifically developed to measure scapular movements, 
but to date a clinically applicable measurement technique which is able to accurately and 
precisely measure the dynamic movement of the scapula is yet to be developed.   
1.2  Main Aim and Scope  
The aim of this work is to develop a method to accurately measure the three-dimensional 
in-vivo dynamic scapular movements in people without symptoms and which can be later 
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used in clinical studies. Hence, the method should be suitable for clinical studies 
involving measurements of functional daily activities (ADL’s) and studies measuring 
ranges of motion (RoM).  
In order to develop a new measurement method, firstly a thorough study of the current 
measurement methods and possible modifications is presented in Chapters 2 and 3. The 
chosen method is then developed to achieve the aim stated above, and the method is 
finally tested and the errors quantified in a series of studies presented in Chapters 4 - 7.  
1.3  Thesis Layout  
The thesis is divided into eight chapters. 
Chapter 1: Introduction 
This describes the motivations behind this work and the main aim of the project.   
Chapter 2 : Measurement of Shoulder Motion – Literature Review 
The review is a brief summary of the shoulder anatomy and function, and a thorough 
review of the available measurement techniques of scapular movement. 
Chapter 3: Dynamically Measuring Scapular Movements – A New Scapula Locator 
Method 
In this chapter the development and use of a new scapula locator method with an 
additional pressure-sensing feature is described. 
Chapter 4: Study I – Learning to use the Scapula Locator  
The new scapula locator method is tested and the effect of short-term learning on the 
intra-observer errors of using the new locator with and without reference to feedback 
from pressure sensors is investigated.   
Tracking Scapular Movement 
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Chapter 5: Study II – Using the Scapula Locator with or without Pressure Feedback: a 
Comparative Study   
This compares the scapular kinematics obtained and the intra-observer and inter-observer 
variation of using the scapula locator with and without feedback from the pressure-
sensors. 
Chapter 6: Study III – The Repeatability of the New Scapula Locator Method 
This is a quantification of the inter-session errors of the new scapula locator method.   
Chapter 7: Study IV – The Acromial Tracker: a Clinical Alternative 
This uses the new scapula locator to examine the effect of position of attachment on the 
acromion and the calibration angle on the accuracy of an acromial tracker method.    
Chapter 8: Summary, Conclusions and Future Work 
The final chapter is a summary of the main results, limitations of the study, possible areas 
of application and areas of future work.  
  
 
  
 
 
 
 
 
 
Chapter 2  
Measurement of Shoulder Motion: 
Literature Review
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2.1  Introduction 
The shoulder joint has the largest range of motion compared to the other joints in the 
body but a full understanding of its three-dimensional kinematics is lacking. Accurate 
measurements of the shoulder movement is of a vital importance, and may provide 
essential information in the analysis of clinical disorders (Fayad et al., 2008; Ludewig 
and Reynolds, 2009) and the evaluation of treatments (Poppen and Walker, 1975; Price et 
al., 2001).   
The mobile layer of skin covering the whole of the scapular and clavicular regions 
presents a challenge to current measurement techniques widely used in biomechanical 
analysis of other joints of the body. For this reason, a number of techniques have been 
developed chiefly to measure scapular kinematics specifically (Johnson et al., 1993; 
McQuade and Smidt, 1998; Karduna et al., 2001). There remain criticisms of these 
techniques in terms of their accuracy (Karduna et al., 2001; Meskers et al., 2007) as well 
as whether the measurements obtained using these techniques reflect true shoulder 
unencumbered kinematics (Sugamoto et al., 2002; Fayad et al., 2006).   
As stated in Section 1.2, the main aim of this work is to develop a method to measure 
dynamic scapular movements which may be used to obtain accurate glenohumeral and 
scapulothoracic kinematics. Hence, the literature review presented in this chapter will 
provide a brief introduction to the shoulder joint anatomy and function, with the main 
focus being the challenges facing scapular motion measurement techniques and the 
current available solutions to the problem.   
2.2  Shoulder Anatomy and Function 
2.2.1  Shoulder Movement and Range of Motion 
The movement of the arm is achieved by the coordinated interaction of the shoulder 
bones (humerus, scapula and clavicle) and the thorax. The four bodies articulate about 
three synovial joints (sternoclavicular, acromioclavicular and glenohumeral) and a gliding 
plane with the thorax referred to as the scapulothoracic joint. In throwing sports and other 
vocational activities, the movement of the shoulder also requires the co-ordinated 
movement of the spine, pelvis and the lower-limb.  
Chapter 2: Measurement of Shoulder Motion: Literature Review 
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The co-ordinated movement between these bones provides the shoulder with a large range 
of motion and allows for movements such as flexion, extension, abduction, adduction, 
horizontal abduction and adduction, and external and internal rotation of the humerus as 
well as the combinations of the described movements.   
A few studies were carried out to investigate the difference in the range of motion 
between active and passive movements. In the study by McCully et al (2005) all the 
planes of motion tested in vivo had a greater RoM when compared to the active RoM, the 
greatest difference found was with the internal rotation in the coronal plane where the 
passive RoM was approximately 15° greater than the active. The authors suggested that 
this difference could be due to the range of motion in active rotation being limited by 
either mechanical limitations such as unfavourable lines of action and insufficient muscle 
filament overlapping causing a reduction in contractile force, or it might also be limited 
by neural limitations such as a negative feedback mechanism in the nervous system 
attempting to prevent unwanted motion by inhibiting muscle contraction (McCully et al., 
2005).  
Variations in the range of motion and the scapulohumeral rhythm between individuals 
were found in previous studies (de Groot, 1997; Hogfors et al., 1991; Michiels and 
Grevenstein, 1995). The study by Michiels & Grevenstein (1995) reported differences 
ranging from 49 to 81% of subjects performing abduction in the scapular plane.  The huge 
differences between individuals could be explained by a number of reasons; including 
morphological variations, motor control and preferences or they could also be a result of 
soft tissue and osseous adaptations to certain shoulder loading conditions (McCully, 
2005). 
Shoulder orientation and movement can be described by defining the plane of elevation, 
magnitude of elevation and the axial rotation of the humerus (Figure 2-1). A brief 
description of the shoulder bones’ main features and axes of motion as well as the joints 
ranges of motion is given in this chapter.   
Tracking Scapular Movement 
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Figure 2-1: Shoulder range of motion resulting from the interaction of the shoulder bones and the 
thorax about four joints.  The shoulder orientation can be described by defining the elevation plane 
(in blue) - such as the sagittal plane occurring at 0°, the coronal plane occurring at 90° and the 
scapular plane occurring at approximately 30° anterior to the coronal plane -, the elevation 
magnitude (in red) and the longitudinal rotation of the humerus (in green).   
 
2.2.2  Shoulder Bones 
The shoulder has three bones; the humerus, scapula and clavicle. These bones interact 
with the thorax via the sternal-end of the clavicle and the scapular gliding plane; they 
articulate about four joints.   
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Figure 2-2: Anterior and posterior views of shoulder bones – adapted from Schuenke et al. (2006).  
Humerus 
The humerus is a long bone consisting of a head, neck and a shaft, and it connects the 
shoulder to the elbow. The proximal head of the humerus fits in the scapular glenoid 
cavity forming the glenohumeral joint.  
The humerus rotates in three degrees of freedom as shown in Figure 2-3, the axes are 
defined relative to the humerus centre of rotation and the humerus epicondyles according 
to the (ISB) International Society of Biomechanics recommendations (Wu et al., 2005).  
Scapula 
Humerus 
Clavicle Humeral Head 
Humeral  
Neck 
Humeral Shaft 
Scapular  
Glenoid Cavity 
Anterior Posterior 
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Figure 2-3: Anterior view of humerus anatomical landmarks and co-ordinate frame – adapted from 
Schuenke et al. (2006). 
Clavicle 
The clavicle is a long horizontal bone linking the shoulder complex to the axioskeleton. It 
is connected to the thorax (sternum) via the sternoclavicular joint, and to the scapula via 
the acromioclavicular joint. 
The clavicle rotates about an inferior-superior axis, a posterior-anterior axis and about its 
longitudinal axes. The clavicle co-ordinate frame (Figure 2-4) is defined relative to the 
sternal end, acromial end and the inferior-superior axis of the thorax (Wu et al., 2005).  
Flexion 
Adduction 
Extension 
External  
Internal 
Abduction 
Humeral head  
Centre of rotation  
Medial 
epicondyle 
Lateral 
epicondyl
e 
Chapter 2: Measurement of Shoulder Motion: Literature Review 
 
 14 
 
Figure 2-4: Anterior view of clavicle anatomical landmarks and co-ordinate frame – adapted from 
Schuenke et al. (2006). 
Scapula  
The scapula is a triangular shaped flat bone with thick margins and thin central parts. On 
the posterior side, the scapular spine divides the scapula into a supraspinous and an 
infraspinous fossa. The scapula attaches the upper extremity to the thorax via the 
scapulothoracic gliding plane, and forms the glenohumeral joint with the humerus (Oatis, 
2004).  
The scapula can rotate about three axes as shown in Figure 2-5, these axes are defined 
relative to the acromial angle, inferior angle and root of the scapular spine.  
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Figure 2-5: Posterior view of scapula and scapular main features and co-ordinate frame – adapted 
from Schuenke et al. (2006).    
2.2.3  Shoulder Joints 
The shoulder bones and the thorax articulate about four joints; the acromioclavicular, 
sternoclavicular, glenohumeral and scapulothoracic joints (Figure 2-6). However, most of 
the shoulder range of motion is provided by the glenohumeral and the scapulothoracic 
rotations, and this section will focus on the movements occurring about these two joints 
(Schuenke et al., 2006).  
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Figure 2-6: Anterior and posterior views of shoulder joints.  
Acromioclavicular Joint  
The acromioclavicular joint connects the lateral end of the clavicle to the acromion of the 
scapula; the joint is synovial with a small articular disc and almost planar surfaces 
(Neumann, 2002).  
Sternoclavicular Joint 
The sternoclavicular joint is a synovial joint connecting the clavicle to the sternum of the 
thorax. It allows for a large range of clavicle elevation and moderate clavicle protraction 
(Neumann, 2002).  
Glenohumeral Joint 
The glenohumeral joint is a synovial joint formed by the humeral head and the scapular 
glenoid surface. It allows for most of the shoulder range of motion (RoM) and it is the 
reason it is sometimes referred to in isolation as the shoulder joint. This large RoM comes 
at a cost of the joint stability; the glenohumeral joint is the most unstable joint in the body 
with most of the joint stability provided by the surrounding soft tissues (Neumann, 2002).  
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The instability of the glenohumeral joint can be defined as the inability to maintain the 
humeral head centred in the glenoid fossa (Taylor et al., 2005). The stability of the joint is 
achieved using static and dynamic components, the static components include the 
ligamentous constraints, the labrum and the capsule which prevent the excessive 
translation of the humeral head on the glenoid, and the dynamic components include the 
rotator cuff muscles which have the ability to actively press the humeral head against the 
glenoid cavity. The articular surface contacts, the congruity of the humeral head and the 
glenoid also play a static role in stabilising the shoulder joint (Diederichsen et al., 2002; 
Kelkar et al., 2001; Soslowsky et al., 1992).  
The glenohumeral joint has three rotational degrees-of-freedom shown in Figure 2-7. The 
glenohumeral joint provides most of the range of motion and one-third of the motion is 
approximately provided by the scapular rotations. The three rotations are: 
• flexion and extension in the sagittal plane, 
• abduction and adduction in the frontal plane, 
• internal and external rotation about the humerus longitudinal axis. 
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Figure 2-7: Shoulder movements and glenohumeral rotations. (Schuenke et al., 2006) 
The glenohumeral joint also has three translational degrees of freedom, which are 
required because the glenoid cavity is too shallow to capture the humeral head. The 
translations are defined as the motion of the humeral head reference point relative to the 
anatomical neutral position  (Harryman et al., 1990) and they occur in the following 
directions (Figure 2-8): 
• in the superior / inferior direction, 
• in the anterior / posterior direction,  
• in the compression / distraction direction. 
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Figure 2-8: Glenohumeral joint translations – adapted from Schuenke et al. (2006). 
Scapulothoracic Joint 
The scapulothoracic joint is the contact point between the scapula and the chest wall. It is 
a non-synovial joint, where the scapula and the thorax are separated by muscles and are 
not directly attached to each other (Neumann, 2002).  
The scapulothoracic joint has three main rotations as shown in Figure 2-9. The rotations 
are: 
• upward /downward rotation about an anterior-posterior axis, 
• internal/external rotation about a superior-inferior axis, 
• posterior/anterior tilt about a medial-lateral axis. 
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Figure 2-9: Scapulothoracic rotations (Borich et al., 2006). 
The scapula also translates with respect to the chest wall in two directions (Figure 2-10): 
• elevation and depression, 
• abduction and adduction . 
 
Figure 2-10: Scapulothoracic translations (Schuenke et al., 2006). 
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2.3  Shoulder Measurement Techniques 
A number of techniques have been developed to measure upper-body kinematics. 
However, the techniques presented in this section are the most developed, most accurate 
and most commonly used techniques in shoulder research. The focus is on measuring 
scapular movement in particular.  
2.3.1  Invasive Techniques 
Bone Pins  
The direct insertion of pins to relevant bones to obtain kinematic measurements have 
been used in a number of motion analysis studies of the lower-limb (Lafortune et al., 
1995; Neptune and Hull, 1995; Fuller et al., 1997; Reinschmidt et al., 1997b; 
Reinschmidt et al., 1997a; Cappozzo et al., 1996). Bone pins were also inserted in the 
scapula bone to obtain accurate in-vivo measurements of the shoulder motion as shown in 
Figure 2-11 (Inman et al., 1996; McClure et al., 2001; Lunden et al., 2009; Braman et al., 
2009) and the method was used to validate other non-invasive measurement techniques  
(Karduna et al., 2001).  
The measurements obtained using bone pins are considered to be more accurate than 
other scapular measurement techniques (Karduna et al., 2001). However, the invasive 
nature of the method means that studies employing this method are likely to have much 
smaller subject groups which could lead to a loss of statistical power and 
misinterpretation of important results in clinical studies (Lachin, 1981). The inter-session 
and inter-subject errors of the method are also likely to be high because of the 
impossibility of the exact replacement of pins, and there is also the risk of pin loosening 
vastly affecting the accuracy of the measurements.  Furthermore, it is unknown whether 
the insertion of pins have an effect on the scapular kinematics; the insertion of bone pins 
may impinge soft tissue and stretch the skin therefore resulting in discomfort and a 
possible reduction in the range of motion as well as impairment to muscle movement 
control (Lundberg, 1996; Meskers et al., 1998b).   
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Figure 2-11: Bone pins inserted directly in the scapula to measure scapular orientations. (Karduna et 
al., 2001) 
Radiographic Imaging 
Planar (two-dimensional) radiographic imaging techniques are often used clinically in the 
diagnosis and assessment of shoulder pathologies. These techniques were also used to 
measure the  shoulder orientation in sequential static postures in the coronal (Inman et al., 
1996) and scapular planes (Freedman and Munro, 1966; Poppen and Walker, 1975), thus 
investigating the scapular upward rotation and the scapulohumeral rhythm only. In more 
recent studies video fluoroscopy (Mandalidis et al., 1999; Sugamoto et al., 2002; 
Talkhani and Kelly, 2001) was also used to measure the shoulder motion during dynamic 
elevations of the arm with comparable or lower accuracy to Radiographic imaging (Inman 
et al., 1996; Hill et al., 2007). Planar methods have associated inaccuracies arising from 
projecting a motion that occurs in three-dimensions to a two-dimensional space (de 
Groot, 1999). Two-dimensional techniques also have low reliability in measuring inter-
individual variability due to the morphological differences between individuals which 
causes difficulties in identifying structures (Crosbie et al., 2008; de Groot, 1999; Hill et 
al., 2007).  
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Biplanar video radiography uses implanted tantalum balls in the bones to reconstruct a 
three-dimensional image from two planar projections. The technique was used to measure 
the three-dimensional kinematics of the shoulder (Hogfors et al., 1991; Berthonnaud et 
al., 2005). Although the technique is able to measure the shoulder movement both in 
three-dimensions and dynamically, the angular accuracy of the method (2°) (Hill et al., 
2007) is comparable to non-invasive techniques and justification of the use of this 
technique over non-invasive alternatives is difficult, because of the exposure to radiation.  
2.3.2  Non-invasive Techniques 
2.3.2.1  Dynamic Techniques 
Motion Tracking Systems 
Electromagnetic and optical tracking systems are the most commonly used motion 
tracking systems in biomechanical research. The systems are used to track the three-
dimensional movement of body segments, and they have the advantages of being fully 
dynamic, requiring shorter measuring times and allowing the subjects to move naturally. 
Electromagnetic tracking systems (Figure 2-12) use a single sensor for each segment each 
of which measures six degrees-of-freedom (DoF). The systems have good accuracy 
values in metal-free environments with root-mean-square-errors (RMSE, the square root 
of the mean of the squares of the original error values) of 1 - 3mm and 0.5° (Frantz et al., 
2003; Bull et al., 1998). However, the system is susceptible to magnetic interferences and 
is more suitable for small volumes. The wires connecting the sensors to the receiver also 
add physical constraint to the method.  
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Figure 2-12: Electromagnetic motion tracking system.  A single sensor is used for each segment to 
measure the translational and rotational degrees-of-freedom (Murphy, 2009).  
Optical motion tracking systems (Figure 2-13) require the use of a minimum of three 
markers for each segment. These systems measure the positional data (3 DoF) of the 
markers only and the joint rotations have to be computed from clusters of markers. It also 
has a higher accuracy than the electromagnetic systems with RMSE of 0.1 - 0.4 mm 
(Wiles et al., 2004), and it is more suitable for fast dynamic movement; this is the reason 
the method is widely used in sports science studies (Lloyd et al., 2000; Roca et al., 2006).  
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transmitter 
Tibia sensor 
Tracking Scapular Movement 
 25 
 
Figure 2-13: Optical motion tracking system. The system obtains the positional data of markers 
attached to the skin overlying bony landmarks and it is often used in sports-related studies.   
However, the differences between the two measurement systems are small and the errors 
of the measurements obtained using either of the motion tracking systems 
(electromagnetic system or optical tracking systems) are negligible compared to the errors 
caused by the movement of the skin relative to the underlying bony landmark (Lundberg, 
1996; Anglin and Wyss, 2000).  
The systems still produce accurate data for markers or sensors placed on a thin layer of 
soft tissue firmly attached to the underlying bone. However, when the soft tissue is thick 
or moves independently from the bone underneath as in the case of the scapula, the errors 
are expected to be high as the sensors/markers are more likely to reflect the skin 
deformation over these regions rather than the actual bone movement (Lundberg, 1996; 
Anglin and Wyss, 2000). For these reasons, motion tracking systems are used to measure 
the movement of the humerus and the thorax using the direct attachment of sensors or 
markers to the skin. However, in the case of the scapula, the systems (electromagnetic 
and optical tracking systems) are sometimes used in conjunction with other scapula 
measuring techniques, such as bone pins (Lunden et al., 2009; McClure et al., 2001; 
Braman et al., 2009), the scapula locator (Meskers et al., 1998b; van Andel et al., 2009) 
or the acromial tracker (van Andel et al., 2009; McQuade and Smidt, 1998; Meskers et 
al., 2007). 
Motion capture 
camera 
Reflective marker  
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Acromial Tracker  
The acromial tracker is a single sensor (in electromagnetic systems – Figure 2-14) or a 
cluster of markers (in optical systems – Figure 2-15) which is attached to the acromion to 
directly measure scapular kinematics. The use of the device was first introduced by 
McQuade and Smidt (1998). In their study, a single electromagnetic sensor was attached 
to the superior flat surface of the acromion. The accuracy of the device was determined 
by calculating the distance between the tracker and the landmark from sequential 
radiographic images at different elevation angles. The results showed that the device 
moved 4 mm away from the bony landmark position as measured from radiographic 
images at 9 different arm positions covering the full elevation range. However, the 
measurements were only taken from a single subject and the rotational and the three-
dimensional errors of the device were not determined (McQuade and Smidt, 1998).  
 
Figure 2-14: Acromial tracker of an electromagnetic system. The tracker is a single sensor attached 
to the acromion to obtain scapular measurements (Rundquist and Ludewig, 2004). 
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Figure 2-15: Acromial tracker of an optical system. The tracker is a cluster of three markers attached 
to the flat surface of the acromion (van Andel et al., 2009). 
Whether or not the acromion is the best place for placing the tracker was only recently 
investigated by Matsui et al. (2006). In their study, markers made of plastic spheres and 
filled with machine oil which were visible in MRI images were placed on the scapular 
spine, medial border, lateral borders, inferior angle and two positions on the acromion 
(close to the acromial angle and near the anterior edge of the acromion). The subjects 
were imaged in the frontal and transversal planes in three positions: with the arm next to 
the body, at full elevation and with the hand behind the body. As in the study by 
McQuade and Smidt (1998), only translational errors were measured by calculating the 
changes in the locations of the markers relative to the scapular landmarks at the initial 
position and at the other two positions. The results showed that the acromion is in fact the 
best position on the scapula for placing the tracker as compared to the other positions 
investigated in the study and that placing the device near the anterior edge (Figure 2-5) 
gave smaller errors (38.5 ± 14.6 mm) than when placed near the acromial angle          
(52.3 ± 14.3 mm) (Matsui et al., 2006).  
The rotational accuracy of the acromial tracker was tested by Karduna et al. (2001) in 
which the scapular measurements of the device were compared to those acquired using 
bone pins inserted directly in the scapula. The results showed a reasonable accuracy for 
the acromial tracker method for elevations below 120°, but beyond 120° the errors 
increased radically particularly for the scapular external rotation and tilt. The average 
RMSE values were in the range of 6 - 10° for the scapular external rotation, upward 
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rotation and tilt during elevations in the scapular plane (Karduna et al., 2001). Meskers et 
al. (2007) also compared the scapular rotations obtained using the acromial tracker to the 
measurements of the scapula locator (Section 2.3.2.2). The study also showed that the 
error increased at high elevation angles and that the position of attachment on the 
acromion had a great effect on the measurements obtained using the tracker. Meskers et 
al. (2007) suggested that measurements using the acromial tracker are only precise when 
obtained without the repositioning of the device and when calibrated with the scapula 
locator. Another study by van Andel et al. (2009) also compared the measurements 
obtained using an acromial tracker to those of the scapula locator. The study also found 
that the acromial tracker gives high errors in elevations greater than 100° and that the 
errors vary depending on the position of attaching the device on the acromion, because 
the errors are mostly caused by the contraction and deformation of the deltoid (van Andel 
et al., 2009). 
2.3.2.2  Static Techniques 
Non-invasive Imaging 
Open MR (magnetic-resonance) imaging has been used to reconstruct images of the 
shoulder bones in a limited number of shoulder studies (Graichen et al., 2000a; Hodge et 
al., 2001). The method uses sequential static images to reconstruct three-dimensional 
bones and it has already been used to measure small translations in the glenohumeral joint 
(Graichen et al., 2000b) but it is yet to be validated. There are also issues related to the 
image quality after reconstruction (Figure 2-16) and the static nature of the technique. 
Furthermore, although the open MR imaging does not restrict the subject to a supine 
position and can image subjects in a seated position, the shoulder orientations are still 
restricted.  
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Figure 2-16: Reconstructed glenohumeral joint captured using open MR imaging (Graichen et al., 
2001).  
 Scapula Locator 
Design and Development of the Scapula Locator 
The use of a palpation technique to measure scapular movements was first proposed by 
Pronk and van der Helm (1991), and further developed into a scapula locator by Johnson 
et al. (1993). The scapula locator is a tripod device with three pins (Figure 2-17) which 
can be adjusted to fit three bony landmarks on the scapula; the acromial angle, root of the 
scapular spine and inferior angle (Figure 2-5). The landmarks are palpable from the 
surface of the skin. The device is used to measure the orientation of the scapula at static 
postures in the shoulder range. Using a curve fit to interpolate between these static 
orientations of the scapula allows scapular kinematics to be described. The reliability of 
the method was tested and the rotations obtained using this method were compared to 
reported scapular rotations in the literature. The method was found to be of sufficient 
accuracy for use in measuring shoulder kinematics and particularly beneficial in a clinical 
setting (Johnson et al., 1993). 
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Subsequently the locator was used to study scapular kinematics in a number of studies 
(Price et al., 2000; Price et al., 2001; Fayad et al., 2006) and it was also used as a 
reference method to validate the use of the acromial tracker (Section 2.3.2.1). 
 
Figure 2-17: Scapula locator. A tripod device adjusted to fit three bony landmarks on the scapula to 
measure the scapula orientation at static shoulder postures (Meskers et al., 1998b). 
Validation of the Scapula Locator 
In an in-vitro study by Lewis et al. (2002), the validity of skin surface palpation as an 
indicator of the position of the scapula was investigated, where the palpated positions of 
the acromial angle, root of the scapular spine and the inferior angle were compared to the 
real landmark positions. The findings showed an acceptable level of accuracy in 
determining the positions of the scapular landmarks, and the authors confirmed the 
validity of using skin surface palpation to determine the position of the scapula (Lewis et 
al., 2002). However, because it was an in-vitro study the effect of muscular contractions 
could not be taken into account. 
The validity of the scapular movement patterns measured by the scapula locator was 
investigated in a study by Karduna et al. (2001), where a tracker device similar to the 
scapula locator in principle was built and used simultaneously with bone pins inserted in 
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the scapula to collect kinematic data (Figure 2-18). The differences between the two 
methods were considered to be the errors introduced by skin movements. The results 
showed good agreement between the tracker and the bone-based method particularly in 
humerothoracic elevations smaller than 120°. However, despite the similarity between the 
tracker method and the scapula locator method developed by Johnson et al (1993), there 
was a fundamental difference between the two methods. For whilst the tracker device was 
fixed to the skin and used dynamically, the scapula locator is used manually to measure 
the orientation of the scapula in static positions. It is thought, however, that manually 
placing the scapula locator in static positions would improve on the accuracy of the 
tracker (Karduna et al., 2001). 
 
Figure 2-18: Bone-pins used to validate a tracker device designed by Karduna et al. (2001).  
Reliability and Accuracy 
In a study by de Groot (1997), the sources of error when the palpation technique is used 
were investigated and quantified. The study showed that the palpation errors contributed 
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to only 12 ± 10 % of the total error, whilst the rest was caused by differences between the 
subject movements (motor noise) and variations between individuals.  
Whilst de Groot (1997) mainly investigated the palpation errors of one observer, Meskers 
et al. (1998) investigated the inter-observer variability, where two observers were taking 
the scapular measurements of the same subject group. Meskers et al. (1998) found inter-
observer errors of 4 - 5° which were comparable to the intra-observer errors measured by 
de Groot 1997 (ranging between 3.5 - 5°) but much higher than the 2° palpation error 
presented in the Johnson et al. (1993) paper. Meskers et al. (1998) explained the 
difference in the results to be caused by the errors introduced by linking co-ordinate 
frames to the bony landmarks which include offset errors caused by the palpation of other 
landmarks on the thorax and the humerus; these errors did not contribute to the results of 
Johnson et al. (1993) as the study only made use of the scapular co-ordinate frame in the 
analysis (Meskers et al., 1998b).  
Barnett et al. (1999) also investigated the inter-observer variations in a study which 
included a total of five subjects and two observers and found the mean errors to range 
between 3 - 4°. They also concluded that these variations were much smaller than the 
variations between subjects, and that the scapula locator was a reliable device to be used 
in measuring the scapular kinematics. 
The inter-session errors of the scapula locator have only been investigated in a study by 
Meskers et al. (1998b). In the study, the errors in measuring the rotations of the thoracic, 
humeral and scapular segments were reported to be between 2 – 4° and the inter-session 
errors in the glenohumeral abduction was approximately 4°. The errors in measuring the 
scapulothoracic rotations were not measured.   
Despite these error values the scapula locator is considered to be the most accurate non-
invasive technique in measuring scapular rotations (Barnett et al., 1999; van Andel et al., 
2009) and it has a comparable accuracy to the currently available imaging techniques (de 
Groot, 1999; Meskers et al., 1998b). 
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2.4  Challenges in Measuring Shoulder Motion  
2.4.1  Invasive vs. Non-invasive 
Measuring in-vivo kinematics of the scapula using invasive technologies is loaded with 
ethical issues. This, combined with small subject groups and comparable accuracy values 
to some of the non-invasive techniques, makes the non-invasive techniques much more 
favourable.   
On the other hand, non-invasive skin-based techniques are criticised on issues of accuracy 
(Section 2.4.2) and whether the static scapula locator method truly reflects the movement 
of the scapula is still questionable (Section 2.4.3).  
Ideally, invasive techniques should be avoided provided there is no loss of important 
information about the scapula orientation or movement pattern. Therefore the focus 
should be on addressing the problems of the non-invasive techniques so that accurate and 
reliable measurements of the scapular movements can be obtained without the need for 
bone pin insertion or exposing subjects to unnecessary radiation doses.  
2.4.2  Skin and soft tissue artefacts  
Skin markers tend to perform relatively well when placed on a thin layer of skin firmly 
attached to the bony landmark underneath, but when placed on a thick layer of skin and 
soft tissue the markers miscalculate the movement of the bone; instead of bone 
movement, the measurements tend to reflect the movement of the overlying skin 
(Lundberg, 1996). Artefacts caused by the movement of the skin in relation to the bone 
underneath are frequently reported when using skin-based non-invasive techniques to 
measure joint kinematics and is found to be of a much greater magnitude than the errors 
originating from most measurement systems (Leardini et al., 2005).  
Skin artefacts are caused by both active and passive soft tissue movements and can cause 
an underestimation (van Andel et al., 2009; Meskers et al., 2007) or an overestimation 
(Karduna et al., 2001; Reinschmidt et al., 1997b) of the actual bone movement. A number 
of factors contribute to skin errors. These factors are interdependent and can have a 
systematic effect on the error such as the effects caused by gravity, inertia or muscle 
contraction which is usually repeatable for an individual performing the same task (Stagni 
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et al., 2005). Other factors can also have a random effect such as skin deformation and 
sliding particularly occurring around joint areas where the skin is loosely attached to the 
bone underneath (Cappozzo et al., 1996). Skin artefacts are also directly associated with 
the task performed, the experimental protocol, the speed at which the movement occurs 
and marker positioning (Stagni et al., 2005; Leardini et al., 2005; Williams, 1996).  
A number of studies have quantified the error caused by skin deformation particularly for 
the femur. The studies have compared kinematics obtained from skin markers attached to 
the thigh to those obtained using various technologies of bone-based measurement 
techniques (Stagni et al., 2005; Manal et al., 2002; Tranberg and Karlsson, 1998). The 
results of these studies show the error caused by skin artefact to range from 10% to more 
than a 100% of the bone rotation, meaning that the error could be of a greater magnitude 
than the absolute bone rotation, and have hence concluded that the kinematics obtained 
using skin-fixed markers for certain segments is unreliable. In a study by Leardini et al. 
(2005) the differences between these studies is attributed to the different bone-based 
measurement techniques used in the comparison and more importantly to differences 
between tasks and the positioning of the skin markers. 
Unlike instrumental errors, skin artefacts has the same frequency content as the bone 
movement; this is because the artefacts originate from the motion of the same segment. 
This characteristic makes the separation of skin artefact from bone movements using 
standard filtering techniques impossible and using such techniques could cause a loss in 
bone movement information or the introduction of false movement patterns (Cappozzo et 
al., 1996; Leardini et al., 2005). 
A number of techniques have been proposed to minimise the errors caused by the relative 
skin movement particularly for the knee joint. The techniques include general 
minimisation to a single body segment (Cheze et al., 1995; Soderkvist and Wedin, 1993) 
or to the entire lower limb (Lu and O'Connor, 1999; Charlton et al., 2004) and other 
compensation techniques which are task and subject-specific (Lucchetti et al., 1998; 
Andriacchi et al., 1998). Minimisation techniques are general and do not take into 
account the great variability between subjects or the differences between motor tasks and 
for these reasons tend to give a poorer performance than compensation techniques. On the 
other hand, compensation techniques also have a number of drawbacks; they usually 
require a significant number of additional markers and additional data collecting trials, 
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and hence can be time-consuming and impractical (Leardini et al., 2005; Stagni et al., 
2005). None of the proposed solutions mentioned above was found to be reliable 
(Leardini et al., 2005; Taylor et al., 2005) 
Application of these techniques to the upper body was only done in a few studies (Cutti et 
al., 2005; Cutti et al., 2006; Schmidt et al., 1999; Roux et al., 2002), none of which 
considered the skin deformation over the scapular region. This is because these methods 
are unable to account for the whole cluster of markers moving relative to the bone 
underneath as in the case of the scapula. A recent study made use of 123 markers 
covering the whole of the scapular region in an attempt to link skin shape to the 
underlying bone movement; the method is yet to be validated against a bone-based 
measurement technique or a palpation technique (Schwartz et al., 2007). Furthermore, 
even in the case of validation, the use of such a huge number of markers on the skin 
makes the method too time-consuming and complicated for use in clinical studies. 
The scapula locator was introduced to overcome the problem of skin deformation and the 
device was found to give better accuracies than the skin-based techniques. However, the 
static use of the device questions its ability to reflect the true movement pattern of the 
scapula.   
2.4.3  Static vs. Dynamic  
Although the scapula locator method can be regarded as a fairly accurate and reliable 
method to measure scapular kinematics (Section 2.3.2.2), its main disadvantage remains 
to be its use as a static device. Interpolating between static postures of the scapula does 
not necessarily reflect the true scapular kinematics during dynamic movements. A 
number of studies have investigated the differences between scapular kinematics in static 
versus dynamic movements as well as slow versus fast movements, the methods and 
results of these studies are presented below.   
A study by Michiels and Grevenstein (1995) was one of the first to investigate the 
influence of the speed of abduction on the kinematics of the scapula. In the study, a 
sequence of Radiographic images were taken as subjects performed abductions in the 
scapular plane in low and high abduction speeds. The study found that the 
scapulohumeral rhythm was not influenced by the abduction speed (Michiels and 
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Grevenstein, 1995). However, the two-dimensional nature of the Radiographic images 
meant that only the rotations occurring in the scapular plane could be compared, thereby 
ignoring the complex three-dimensional movement of the shoulder joint.  
Another study by de Groot et al. (1998) was carried out to investigate the velocity effects 
on the scapulohumeral rhythm during an abduction-adduction movement in the scapular 
plane. This study was specifically carried out in order to verify the use of the static 
scapula locator technique. Based on their findings they concluded that static captures of 
the orientation of the scapula can be used to describe its dynamic kinematics in sub-
maximal speeds (de Groot et al., 1998). But as with the Michiels and Grevenstein (1995) 
study, two-dimensional Radiographic images were used to extract shoulder kinematics, 
ignoring the complex three-dimensional movement of the shoulder.  
Sugamoto et al. (2002) also used a two-dimensional video system to investigate the effect 
of speed on the scapulohumeral rhythm during an abduction-adduction movement in the 
scapular plane. However, despite also using a two-dimensional technique and studying 
the same movement  their findings disagreed with those of the previous studies (Michiels 
and Grevenstein, 1995; de Groot et al., 1998), and they found a significant difference 
between the kinematics of low and high-speed scapulohumeral movements (Sugamoto et 
al., 2002).  
The only study in this category that used a three-dimensional system is a fairly recent one 
by Fayad et al. (2006). An electromagnetic tracking system was used to study shoulder 
elevation in the sagittal and frontal planes, with a sensor attached to the superior flat 
surface of the acromion to track the scapular movements. The study also found 
differences between static and dynamic scapular kinematics, and concluded that 
interpolation between static captures of the scapula cannot reflect scapular kinematics 
(Fayad et al., 2006).  
The studies looking at the differences between static and dynamic scapular kinematics 
have reached different conclusions as described above. These differences could be caused 
by differences in the measurement methods used as well as the measured movements. The 
inaccuracies of the measurement systems could have also influenced the results of these 
studies. However, it is still unclear whether the interpolation between static positions of 
the scapula is the same as the scapular dynamic kinematics.    
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2.5  Summary of Measurement Techniques 
A number of measurement techniques have been developed to measure the movement of 
the scapula, none of which is ideal. The insertion of bone pins provide accurate 
measurement of scapular movements and can be used dynamically, but the method is 
invasive and is likely to be accompanied with small subject groups. Some accurate 
imaging techniques are also considered to be invasive as they expose subjects to radiation 
doses, which is also likely to limit experimental protocols.  
On the other hand, non-invasive imaging can only be used statically and it has associated 
problems related to the quality of the reconstructed bones obtained and it also restricts 
subject movements. Other non-invasive techniques are affected by skin movement 
artefact which is of a particular relevance to the scapula, because it is completely covered 
by a thick mobile layer of skin and soft tissue. The scapula locator is currently the most 
accurate non-invasive measurement technique, the method is however susceptible to 
intra-observer and inter-observer errors and to date has only been used to capture the 
scapula orientation in static shoulder postures.  
Table 2-1 provides a summary of the advantages and problems with the currently 
available measurement techniques. The table shows that the available methods can be 
invasive, affected by skin artefacts or capture static orientations of the scapula;  there is 
clearly a need to develop a non-invasive method that accurately measures the scapular 
motion dynamically in all ranges of shoulder movement, which can be used in clinical 
studies investigating the glenohumeral and scapulothoracic rotations.     
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Table 2-1: Summary of advantages and problems of scapula measurement techniques. 
Measurement Method Advantages Problems 
Bone pins • access to bone 
• accurate measurements 
• dynamic  
• invasive 
• unknown effect on scapular 
kinematics   
 
Radiographic based 
Imaging 
• access to bone 
• some are dynamic  
• invasive : exposure to radiation 
• low accuracy 
• inter-observer variation 
• 2D images are affected by 
projectional artefacts 
• 2D can only measure 
scapulohumeral rhythm and 
scapular upward rotation 
• some are static  
 
Other Imaging • non-invasive 
• access to bone 
• Image quality issues 
• static 
• no validation to date 
 
Acromial Tracker • non-invasive 
• convenient 
• dynamic 
• low accuracy in high elevations 
• sensitive to positioning 
• needs to be calibrated 
 
Scapula Locator • non-invasive 
• high accuracy 
• static  
• intra-observer and inter-observer 
variations 
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3.1  Introduction 
Measuring the three-dimensional movement of the scapula is important in the analysis of 
shoulder disorders and treatments. However, the thick layer of skin covering the whole of 
the scapular region means that all skin-based measurement techniques inaccurately 
determine the movement of the scapula (Anglin and Wyss, 2000; Section 2.4.2).  
The scapula locator was developed to reduce the problem of skin deformation over the 
scapular region and has since been validated against a bone-based method and its 
reliability and accuracy have been assessed in a number of studies (Johnson et al., 1993; 
Karduna et al., 2001; de Groot, 1997; Barnett et al., 1999; Section 2.3.2.2). At present, 
the scapula locator is considered to be the most accurate non-invasive method in 
obtaining in-vivo scapular movements (van Andel et al., 2009).  
However, the scapula locator was reported to have relatively high intra-observer and 
inter-observer variations particularly in measuring scapulothoracic rotations. Despite this, 
clear guidelines on how to use the method to obtain accurate scapular measurements have 
never been provided in any previous studies neither have any studies looked at improving 
these errors. Despite these omissions, this method has still been employed by many 
subsequent shoulder studies (Price et al., 2000; Price et al., 2001; Fayad et al., 2006; 
Section 2.3.2.2).  
Another overlooked problem is how much pressure should be applied on the scapula 
using the locator. The only reference to the pressure applied is in the Johnson et al. (1993) 
paper; where it was stated that sufficient pressure should be applied to ensure good 
contact with the relevant landmarks. However, no order of magnitude or description of 
this sufficient pressure was provided nor was the effect of putting too much pressure or 
unequal pressure levels on the three landmarks on the physiological shoulder motion 
addressed in any previous studies.  
However, the main limitation of using the scapula locator is its use as a static device, as it 
is still not clear whether extracting kinematics by interpolating between static points is the 
same as measuring the scapular kinematics during dynamic shoulder movements  
(Michiels and Grevenstein, 1995; de Groot et al., 1998; Sugamoto et al., 2002; Fayad et 
al., 2006; Section 2.4.3).   
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3.2  Challenge and Aim 
The summary of the measurement techniques and devices presented in Section 2.5 shows 
that a non-invasive method which measures the scapular movements dynamically, and 
gives accurate result for any movement in the shoulder range is yet to be developed.  
The aim of this project as stated in Section 1.2 is to develop a method to measure 
dynamic scapular movements which can be used to measure glenohumeral and 
scapulothoracic kinematics in clinical studies. The new method should be able to measure 
full ranges of motion as well as movement during everyday functional activities.  
In this chapter, the specification of the new method and its design and development are 
presented; a thorough description of how the new method is used and how it meets the 
objectives stated above is also discussed.  
3.3  Design Specifications 
For the new method to be suitable for use in future clinical studies and satisfy the 
objectives stated above, it will need to meet some specifications as detailed below. The 
method should: 
1. be non-invasive, 
2. measure slow to medium paced (velocities used in daily functional activities < 40°/s, 
Michiels and Grevenstein, 1995) scapular movements dynamically, 
3. measure the scapula rotations relative to a thoracic coordinate frame in all three 
rotational degrees of freedom (DoF), 
4. measure to a reasonable degree of accuracy the scapular movements in functional 
activities, 
5. measure to a reasonable degree of accuracy full ranges of motion and movements 
occurring at the end-of-range, and  
6. not modify or affect the physiological shoulder motion 
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3.4  Current Methods 
A review of the most accurate and most commonly used scapular measurement methods 
is given in Section 2.3 and an assessment matrix of the current methods against the 
specifications listed above is given in Table 3-1.  
The table shows a weighting factor for each specification; the weighting factors (WF) 
have been given to the design specification according to their importance to the objectives 
of the measurement method to be used in clinical studies. 
The most important specification is the ability to do the measurements non-invasively. 
This limits the possible harmful effects of the invasive methods on the subject and it also 
allows for the recruitment of a greater number of subjects, and has therefore been given 
the highest WF of 15. Second in importance is the ability to measure the three-
dimensional movement of the scapula, because quantifying the shoulder motion in all 
three degrees-of-freedom (DoF) is essential in the assessment of clinical disorders and 
evaluation of treatments, and this have been given a WF of 10 accordingly. Next in 
importance is the accuracy of the measurement technique with WFs of 8 for accuracies 
for movements occurring at mid-range (particularly important in ADLs) and at the end-
of-range (important for studies measuring full ranges of motion). Finally, the ability of 
the method to measure the dynamic movement and whether it has an effect on scapular 
motion have been given WFs of 6, because it is uncertain whether those two factors have 
an effect on the measurements obtained. In the assessment table (Table 3-1) a (+) 
indicates that the method satisfies the design specification, a (-) indicates that the 
measurement method does not satisfy the design specification and (0) indicates that the 
method may or may not satisfy the specification and the totals are summed vertically. 
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Table 3-1: Assessment matrix of the current scapular tracking methods against the design 
specifications. Weightings are given to the specifications depending on their importance to the 
objectives of the method (Cross, 2008).  
Design Specification Weight 
Factor 
Bone 
Pins 
Invasive 
Imaging 
Other 
Imaging 
Scapula 
Locator 
Acromial 
Tracker 
1. Non-invasive 15 – – + + + 
2. Dynamic  6 + 0 – – + 
3. 3 DoF 10 + – + + + 
4. mid-range accuracy 8 + – 0 + + 
5. end-of-range accuracy 8 + – 0 + – 
6. effect on motion 6 – – – 0 + 
∑+ 4 0 2 4 5 
∑– 2 5 2 1 1 
Total 2 -5 0 3 4 
Wt. Total 
 
11 -47 13 35 37 
None of the current methods satisfy all the specifications described above, but the 
methods that most closely match the specification are the scapula locator and the acromial 
tracker methods as evidenced by the assessment matrix (Table 3-1). This leads to a 
further examination of the problems with the two methods and the possibility of 
modifying one of them to satisfy the rest of the specifications listed in Section 3.3.  
Acromial Tracker 
The acromial tracker can be used dynamically to measure the 3D motion of the scapula, 
and if made light enough will not have an effect on the scapular kinematics. However, the 
accuracy of the method is very low in elevations of greater than 100° (Karduna et al., 
2001; van Andel et al., 2009; Meskers et al., 2007). This might not have an effect when 
functional activities are being measured, but the high errors beyond 100° makes the 
method unsuitable for measurements of the shoulder range of motion or of any 
movements occurring near the end-of-range.   
Scapula Locator 
More accurate measurements of the scapula orientation at any point in the shoulder range 
could be measured using the scapula locator method. However, the method to date has 
only been used to capture the position of the scapula in static positions in the shoulder 
range. Another problem when using the locator is the unregulated pressures applied on 
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the scapula using the locator which could have an effect on the physiological shoulder 
motion.  
Table 3-2 gives a summary of the advantages, problems and possible modifications for 
the two methods. To improve on the accuracy of the acromial tracker the method could be 
calibrated with a more accurate method as was suggested by Meskers et al. (2007). This 
could make the acromial tracker ideal for measuring scapular movements during dynamic 
activities. However, in the absence of a more accurate dynamic method to calibrate the 
tracker this cannot be achieved. The scapula locator on the other hand, could be modified 
to facilitate its use as a dynamic device to track the movement of the scapula, and 
pressure-sensors could be added to the design, in order to account for the unregulated 
pressures which could have an effect on the measured scapular kinematics; the method 
would then satisfy the specifications listed in Section 3.3. 
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Table 3-2: Summary of advantages, problems and possible modification of the acromial tracker and 
the scapula locator methods.  
Current 
methods 
Use of method Advantages Problems Possible 
modifications 
Acromial 
tracker 
 
 
(Salvia et al., 2009) 
• dynamic 
measurement 
of 
slow/medium/ 
fast movements 
(2) 
• no effect on the 
physiological 
shoulder 
motion (6) 
• high errors 
beyond 100° of 
elevation (5) 
• calibrate the 
method with a 
more accurate 
dynamic 
method 
Scapula 
Locator 
 
 
 
(Kontaxis and Johnson, 2008) 
• accurate 
scapular 
measurements 
(4,5) 
 
• static 
measurements 
(2) 
• could affect the 
physiological 
motion (6) 
• use the locator 
to track the 
scapula 
dynamically 
• addition of 
sensors to 
regulate the 
pressure on 
landmarks 
3.5  Developing a New Scapula Locator 
3.5.1  Current Designs 
The first design of the scapula locator was presented in the Johnson et al. (1993) study; 
the design consisted of a tripod fixture holding three probes, the probes were adjusted 
prior to the measurement session to allow the probes to be in contact with the angulus 
acromialis (acromial angle - AA), trigonum spinae (root of the scapular spine – TS) and 
angulus inferior (inferior angle –AI). The AA pin was fixed, the TS pin was allowed to 
slide in a slot in the base plate and the AI pin was allowed to slide and rotate to enable 
adjustment of the pin over the landmark (Johnson et al., 1993). The design has not been 
changed much since then and similar designs have been used in many subsequent studies 
(Figure 3-1). 
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Figure 3-1: Scapula locator design proposed by Johnson et al. (1993) and employed by many 
subsequent studies. The pictures are taken from the studies of Meskers et al. (1998) and Meskers et al. 
(2007).  
Barnett et al. (1999) developed a new scapula locator with legs designed specifically for 
each landmark to enable easier and more repeatable adjustments over the scapular 
landmarks as shown in Figure 3-2. The design also featured a simplified adjustment 
mechanism, which allows the legs to be fixed in place by the means of a compression 
spring without needing to be loosened and screwed (Figure 3-2). This feature makes it 
easier to position the probes on the landmarks and can be advantageous in a clinical 
setting. However, it also means that small forces and jerky movements can move the 
probes away from the landmarks and that the base plate of the locator can move away 
from or closer to the landmarks; this movement can be unrelated to the positions of the 
probes.  
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Figure 3-2: Scapula locator developed by Barnett et al. (1999). The locator has special legs designed 
specifically for each landmark, and compression springs used to enable easy adjustments of the 
locator over the landmarks.  
3.5.2  A New Scapula Locator  
The new scapula locator is designed to meet the specification in Section 3.3 3.3  , and thus 
allow the observer to dynamically track the scapula and to regulate the pressure applied 
on the landmarks at the same time.  
The adjustment mechanism proposed by Barnett et al. (1999) was rejected, because the 
design becomes unsuitable to use in dynamic tracking. This is because the operation of 
the observer during tracking could cause the probes to move away from the landmark and 
also away from the base plate of the locator. This is a problem particularly when sensors 
or markers measuring the scapular movements are attached to the base plate and can 
introduce high measurement errors to the scapular internal/external rotation and the 
scapular tilt. The specially designed legs in the Barnett et al. (1999) design are also found 
to hinder the operation of the observer during dynamic tracking. 
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Instead the design of Johnson et al. (1993) was found to be more appropriate for dynamic 
tracking, and a similar design has been adopted. The new scapula locator is shown in 
Figure 3-3; and a description of the design features is given in Section 3.5.2.1 and a 
quantitative assessment of the design is shown in Section 3.5.2.3. 
 
Figure 3-3: Use of the new scapula locator. This allows the observer to dynamically measure the 
scapular movement whilst regulating the pressure applied on the three landmarks.  
3.5.2.1  Features 
The Base  
The base of the locator is made of two aluminium rods, the first aluminium rod (marked 
as (1) in Figure 3-4) holds two probes. The lateral probe is fixed to the base and is used 
for the palpation of AA, the medial probe is used in the palpation of TS and can be moved 
along a slot to accommodate different scapulae measurements; it is fastened in place 
using a wing nut. The second aluminium rod (marked as (2) in Figure 3-4) holds the third 
caudal probe, the probe can be adjusted by moving the rod in two degrees-of-freedom; the 
rod can slide along a slot on rod (2) as well as rotate about rod (1) allowing the probe to 
Screen displaying pressure 
feedback 
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be in contact with AI. Once the three probes are adjusted to be in contact with the 
landmarks, the two aluminium rods are fastened to each other using a central knob.  
The Probes 
As explained previously, the landmark-specific legs designed by Barnett et al. (1999) and 
shown in Figure 3-2 were rejected because they hinder the operation of the observer 
during dynamic tracking. The probes in the new locator have a simple design similar to 
the one proposed by Johnson et al. (2003). The probes are approximately 6 cm in length 
to allow the observer to palpate the landmark whilst holding the probe in place      
(Section 3.5.2.2). The tips of the probes have a near flat surface of approximately 3 mm in 
diameter, whilst the tip of the AA probe is tapered to 2 mm; this was done to reduce 
slippage from the relatively smaller area of AA. The AA probe is also made thinner 
(Figure 3-4) to allow for the placement of a marker on the acromion if need so      
(Chapter 7). A detailed drawing of the design of the scapula locator is given in Appendix 
A.  
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Figure 3-4:  Design of the new scapula locator. The design is similar to the one proposed by Johnson 
et al. (1993) and used in many shoulder studies.  
The Pressure-Sensors 
To regulate the pressures applied on the scapula during dynamic tracking, force-sensing-
resistors (FSR) are used. FSR exhibit a decrease in resistance as the pressures applied 
increase.  
Three 400 FSR (Interlink Electronics, Camarillo, USA) were attached to the tips of the 
three probes, the sensors have 4 mm diameter of active area (Figure 3-5) and they provide 
qualitative measurements which can be displayed in real-time. Quantitative measurements 
are possible when combined with suitable calibration. 
In order to obtain a real-time feedback, the sensors were connected to a data acquisition 
card (NI-DAQ, Austin, USA) as recommended by the manufacturer; this included 
connecting one end of the sensor to a voltage input of +5V, while the other end provided 
the force output. The data acquisition card was then connected to a PC, where a custom-
AA 
1 
2 
TS 
AI 
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made software scripted on LabVIEW (version 8.5.1, Austin, USA) output the force 
measurements to a chart displayed on the computer screen.    
 
Figure 3-5: Force-sensing resistors (Interlink Electronics, USA) used on the locator probes. They give 
a qualitative measure of the pressure applied on the contact point with the bony landmark. 
The observer uses feedback from the pressure-sensors displayed on a computer screen to 
monitor the pressures applied on the three landmarks on the scapula (Figure 3-3 and 
Figure 3-6); using this feedback the observer aims to apply low and equal pressures on 
the three probes. These pressures are measured qualitatively, and their magnitudes vary 
depending on muscle mass, but range from 0.02 -0.06 N/mm
2
 which is approximately      
1 - 3 N of applied force on each landmark.  
The pressures are needed to ensure that the three probes are in contact with the landmarks 
at all times. The pressures are also maintained at low and equal levels to avoid affecting 
the physiological scapular movement.   
4 mm 
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Figure 3-6: On-screen feedback from the pressure-sensors. 
3.5.2.2  Using the New Scapula Locator  
Scapula Palpation 
In order to adjust the locator to fit the measurements of the subject, the observer starts by 
palpating AA. The acromial angle is the prominent angle between the lateral and the 
posterior borders of the acromion and it is usually the easiest landmark to palpate. The 
lateral probe is placed in contact with AA. 
Whilst keeping the probe in contact with AA, the observer finds TS by following the 
scapular spine medially starting from the acromial angle until a flat triangular area 
indicating the end of the scapular spine is felt. To adjust the position of the second probe, 
it is moved along the slot until it is in contact with TS and is then fixed in place using the 
wing nut.  
For the final adjustment, the observer starting from TS follows the vertebral border of the 
scapula until the most inferior point (AI) is felt, the probe is adjusted by rotating and 
sliding the rod to achieve the correct angle and length for the caudal probe to be in 
contact with AI.  
The observer finally ensures that the three probes are in contact with the three landmarks 
before using the knob to lock the second rod in place, the locator is used in this adjusted 
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position for the remainder of the session. The palpation steps and the adjustment of the 
locator landmarks are shown in Figure 3-8 and Figure 3-9.  
 
Figure 3-7: Palpation of scapular landmarks. (a) palpating AA, (b) following the medial border of the 
scapula until TS (c) following the vertebral border and (d) finding the most inferior point (AI). 
 
 
 
Figure 3-8: Adjustment of locator to scapula measurements. (a) holding AA probe to the landmark, 
(b) following the scapular spine, (c) adjusting TS probe to be in contact with the landmark whilst 
holding the AA probe in place (d) following the vertebral border, (e) finding AI whilst holding the AA 
and TS probes in place and (f) adjusting the AI probe to the landmark and ensuring that the three 
probes are in contact with the landmarks.  
Dynamic Tracking 
When measurements are taken, the observer holds two probes in contact with the most 
palpable landmarks and tilts the third one until it is in contact with the final landmark. 
Because the primary movement of Studies I-IV is a bilateral elevation (elevation of both 
arms) in the scapular plane (the plane at which the scapula lies which is approximately 
30° anterior to the coronal plane, Section 4.3.3), the dynamic tracking for elevations in 
the scapular plane is described below.  
Because of the movement and orientation of the scapula during elevations in the scapular 
plane; AA and AI are usually more prominent than TS, and so the observer holds the AA 
a b c d 
a b c 
d e f 
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and AI probes in contact with the landmarks whilst feeling the positions of the landmarks 
and tilts the locator so that the third probe is in contact with TS.  
Before dynamically tracking the scapula, by visually noting the feedback traces on the 
computer screen the observer ensures that the pressures applied on the three landmarks 
are low and equal; it is then easier to maintain these levels during tracking. To 
dynamically track the scapula the observer feels the positions of AA and AI, moves the 
assembly as the bone moves (Figure 3-9), and in order to ensure that TS is also being 
tracked, the observer relies on the feedback of the pressure-sensors to make sure that the 
TS probe is in contact with the landmark.  
 
Figure 3-9: Observer dynamically tracking the scapula. The observer palpates AA and AI whilst 
holding the probes in contact with the landmarks and tilts the locator until the third probe is in 
contact with TS.  
3.5.2.3  Assessment of the New Locator Method 
After modifying the scapula locator to comply with the objectives of the new method, it is 
important to assess its performance against the specifications in Section 3.3. The 
quantitative assessment of the new scapula locator assessed against the weighed 
specifications is shown in Table 3-3. The table shows that the new locator method has a 
total equal to that of the acromial tracker, however, no values are given to the accuracy of 
the new scapula locator as this will need to be assessed in the coming chapters.  
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Table 3-3: Assessment matrix of the new scapula locator against the specifications and against other 
methods.  
Design Specification Weight 
Factor 
New 
locator 
method 
Bone 
Pins 
Invasive 
Imaging 
Other 
Imaging 
Scapula 
Locator 
Acromial 
Tracker 
1. Non-invasive 15 + – – + + + 
2. Dynamic  6 + + 0 – – + 
3. 3 DoF 10 + + – + + + 
4. mid-range 
accuracy 
8 0 + – 0 + + 
5. end-of-range 
accuracy 
8 0 + – 0 + – 
6. effect on motion 6 + – – – 0 + 
∑+ 4 4 0 2 4 5 
∑– 0 2 5 2 1 1 
Total 4 2 -5 0 3 4 
Wt. Total 
 
37 11 -47 13 35 37 
3.6  Summary 
There is a need to develop a non-invasive method which can be used to measure the 
three-dimensional scapular kinematics accurately in dynamic shoulder movements to be 
used in clinical studies.  
The scapula locator method has been modified to enable the observer to dynamically 
track the scapula whilst regulating the pressure applied on the scapular landmarks thereby 
satisfying all the specifications set for the application of the method in clinical studies 
which involve measuring functional activities and ranges of motion.  
The method is tested for its reliability, repeatability and whether measurements obtained 
using this method agree with published data in a series of studies presented in Chapters 4 
to 6.  
 
  
 
 
 
 
 
 
Chapter 4  
Study I ― Learning to Use the Scapula 
Locator 
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4.1  Introduction 
To date, the scapula palpation technique has only been used to capture static positions of 
the scapula in the shoulder range of motion. However, it is still unclear whether the 
kinematics obtained using this method truly reflects the scapular kinematics during 
dynamic movements as explained in Section 2.4.3.  
Another problem of using the scapula locator is the accuracy of the method, as this is very 
much dependent on the ability of the observer to correctly identify the positions of the 
landmarks. Relatively high intra-observer and inter-observer errors have been reported 
when using this method (Section 2.3.2.2). These high intra-observer and inter-observer 
errors have been explained as sometimes occurring due to the lack of experience of the 
observer and this is why sufficient practise before using the scapula locator is advised in 
order to reduce palpation errors (Barnett et al., 1999).  
Meskers et al. (1998) reported a significant improvement in the palpation speed after 
learning but the effect of learning on the reliability of the results obtained by the observer 
has not been investigated, nor have the improvements in the reliability due to learning 
been quantified in any previous studies.  
4.2  Aim and Objectives 
The aim of this study is to introduce and test the new scapula locator proposed in   
Chapter 3 as a method to measure the three-dimensional scapular motion during slow to 
medium speed shoulder movements. A second aim of the study is to assess the effect of 
short-term practise or training using the scapula locator on its own and the scapula locator 
with feedback from pressure-sensors as described in Chapter 3 on the reliability of the 
results obtained by an observer. This determines whether learning is really a factor in 
improving the reliability of the measurements using the scapula locator and whether 
observers using the new locator with the feedback from pressure sensors improve their 
performance more profoundly than observers using the locator on its own with no 
feedback on contact pressures.  
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In the study, the intra-observer variations is used as an indicator of the reliability of the 
measurements obtained by the same observer, and this is assessed as part of two sub-
studies: 
• Learning to use the scapula locator on its own with no reference to the feedback from 
the pressure sensors. This method is referred to as NF. 
• Learning to use the scapula locator and with feedback from the pressure sensors 
(Section 3.5.2.2). This method is referred to as F.  
In both studies the observer measures the scapular kinematics of six consecutive trials of 
the same subject performing the same movement; intra-observer variations between the 
first three trials can then be compared to variations between the latter three to examine the 
effect of learning on the measurements obtained by a single observer. Improvements in 
the reliability of the measurements after learning is shown if the variations between the 
latter trials are significantly smaller than the first three. The scapulothoracic rotations are 
the primary measurements used in the comparison, because their small magnitudes when 
compared to the glenohumeral rotations means that they are more affected by 
inaccuracies in measuring the scapular movements and hence are more suitable in 
assessing the scapular measurement methods. 
Three observers are included in each study to make sure that learning is attributed to the 
short-term practise using the particular method (NF or F) and not to personal skills alone. 
The subjects are divided into two groups, with one group (Group A) participating in the 
method NF study, and the second group (Group B) participating in the method F study.  
The equipment and methods used are the same for the two Groups but the results of the 
two are analysed separately; this is because the aim here is to examine the effect of 
learning using each method on the measurements obtained by a single observer while a 
comparison between the two methods is presented in Chapter 5.  
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4.3  Materials and Methods 
4.3.1  Study Population 
Group A – method NF 
A total of 6 male subjects with the mean age 24.8 ± 2.6 (standard deviation) years, and a 
total of 3 observers participated in Group A; each observer examined 2 subjects.  
Subjects were included in the study if they had a fully functional shoulder as assessed by 
the Oxford Shoulder Score (OSS) – scoring between 40 – 48 (Dawson et al., 2009). The 
OSS questionnaire contains 12 questions and the scores range from 0-48; a score of 0 
equates to a complete disability and 48 is the best possible outcome. Subjects were 
excluded if they have a current or a recurrent history with shoulder pain or if they had a 
clinical intervention on the shoulder at any point previously.  
Subjects were recruited from Imperial College London Bioengineering department, all 
subjects had consented to the procedure and they were aware of their right to withdraw 
from the study at any point. Observers were selected from Imperial College London 
Musculoskeletal Biomechanics research group, but none of the observers had any 
experience with scapula palpation.  
Group B – method F 
A total of 6 male subjects with a mean age of 24.8 ± 4.7 (standard deviation) years 
participated in the study, and 3 observers also participated with each observer examining 
2 subjects. The inclusions and exclusion criteria for the subjects were the same as in 
Group A. As in Group A subjects were recruited from Imperial College London 
Bioengineering department and the observers were members of Imperial College London 
Musculoskeletal Biomechanics group, but none of the observers had any experience with 
scapula palpation.  
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4.3.2  Equipment and Instrumentation 
Optical Motion Tracking System  
An optical motion system consisting of 10 high-speed MX-13+ cameras from Vicon 
Motion Tracking (Oxford) running at 200 frames/second was used to capture the 3D 
trajectories of passive reflective markers (Figure 4-1).   
The MX cameras emit near infra-red light which is reflected by the reflective markers. 
The reflective markers are spheres of 14 mm in diameter on plastic bases and are attached 
to the skin using double sided tape (Figure 4-2 and Figure 4-3). The positional data of the 
centre of the spherical reflective markers at each time frame was captured and stored for 
later processing.  
 
 
Figure 4-1: Vicon MX-13+ cameras. These emit near infra-red light and capture the 3D positional 
data of reflective markers. 
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Figure 4-2: Reflective markers used. These are 
14 mm in diameter and are mounted on plastic 
bases. 
Figure 4-3: Reflective markers attached to the 
subject skin. The observer is using method F 
where the feedback displayed on the screen is 
used to maintain low equal pressures on the three 
contact points with the scapula. 
Scapula Locator 
The new scapula locator described in Section 3.5.2 was used in the dynamic tracking of 
the scapula. In Group A method NF was used and the observer used the scapula locator 
on its own to track the movement of the scapula without reference to the contact pressure. 
In Group B method F was used and the observer used the scapula locator with the 
feedback from the pressure sensors displayed on a computer screen. The observer used 
the feedback to maintain low and equal pressures on the three probes as shown in Figure 
4-3.  
Metronome 
A metronome giving an audible prompt at 0.75 Hz was used to help the subject to 
maintain a constant speed during elevation. The subject aimed to reach marks on the floor 
and the wall with every tick of the metronome in a smooth consistent motion. This is 
explained in greater detail in Section 4.3.4.  
Laser Pointer 
A laser pointer was attached to the subject’s forearm to help the subject follow a track 
indicated on the floor and the wall in order to ensure that the plane of elevation was 
maintained in all trials. This also helped control the longitudinal rotation of the humerus. 
This is explained in greater detail in Section 4.3.4.  
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4.3.3  Subject Setup  
Studied Motion 
A bilateral elevation in the scapular plane was chosen as the primary motion in the study. 
A bilateral motion maintains the symmetry of the upper body during movement while in 
unilateral movements subjects tend to side bend and rotate the spine to achieve the 
required elevation angle rather than use the shoulder girdle to achieve the movement 
(Crosbie et al., 2008; Klopcar and Lenarcic, 2006). However, only the measurements of 
the dominant shoulder were used in the analysis. 
The scapular plane is the plane at which the scapula, the humerus and the attachments of 
the humeroscapular muscles are aligned. It occurs at approximately 30° forward to the 
coronal plane. The scapular plane is the most comfortable as well as the easiest plane to 
maintain during elevation. This is because the inferior part of the capsule is not twisted 
and the supraspinatus and the clavicular fibres are aligned (Figure 4-4) making the 
movement more natural and of more use in functional activities (Freedman and Munro, 
1966; Johnston, 1937).   
 
Figure 4-4: The main shoulder muscles. In the scapular plane the supraspinatus and the clavicular 
fibres are aligned as shown in A; making the movements of the shoulder more natural. (Rockwood et 
al., 2009)  
Another important reason for choosing this movement is that bilateral elevation in the 
scapular plane is a frequently reported motion in the literature providing good means for 
comparison (Meskers et al., 1998b; Kibler et al., 2002). This allows the method to be 
Infraspinatus 
Supraspinatus 
Subscapularis 
Anterior Deltoid 
Middle Deltoid 
Pectoralis Major Middle Deltoid 
Supraspinatus 
Subscapularis 
Posterior Deltoid 
A B 
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evaluated which is the purpose of this study. Evaluation of the movement itself is not of 
relevance here.  
Marker Setup 
The same marker set-up was used for both Groups A and B; Table 4-1 gives a description 
of the landmarks and Figure 4-5 shows where the landmarks are located on the subject’s 
upper body. This shows a marker set-up for a right-arm dominant subject; for left-handed 
subjects the marker placement locations are mirrored. 
Whilst some of the markers were used directly to define the anatomical co-ordinate 
frames as recommended by the ISB (Wu et al., 2005; Kontaxis et al., 2009) such as IJ, 
PX, C7 and T8 (Table 4-1 and Figure 4-5) defining the co-ordinate frame of the thorax, 
others were used to replace some of the anatomical landmarks during dynamic trials. 
Examples of this include D1, BB and TB markers on the humerus that replace the 
anatomical ME and LE markers (Section 4.3.6.1). Some markers were used for 
visualisation and to help in the identification of other landmarks such as F1 which helps 
identify RS and US. The head markers were for visualisation in that this makes it easier to 
see where the subject was facing in cases where a video recording of the movement is 
absent. All the above mentioned markers are described in Table 4-1 and shown in Figure 
4-5. 
The GH centre of rotation (CoR) on the other hand is not a surface landmark and is hence 
not present in any static or dynamic trial. GH CoR was needed to define a co-ordinate 
frame for the humerus (Wu et al., 2005) and it was estimated using a least-square 
algorithm developed by Gamage and Lasenby (2002, Section 4.3.6.2). 
The scapular landmarks AI, AA and TS were not placed directly on the skin but instead 
were attached to the scapula locator for both methods NF and F.  
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Table 4-1: Anatomical landmarks used in shoulder tracking; example for a right shoulder. These 
refer to those shown in Figure 4-5 (Lumley, 2002; Wu et al., 2005). The markers in bold are not 
present during dynamic trials and are either digitised (ME and LE –Section 4.3.6.1) or estimated (GH 
– Section 4.3.6.2). 
Segment Marker / Landmark Description 
RH Right    – Head 
MH Middle – Anterior Head 
Head 
LH Left      – Head 
 
RA Right acromio-clavicular joint 
LA Left acromio-clavicular joint 
IJ Incisura Jugularis – the suprasternal notch 
MF Body of sternum 
 
PX Processus Xiphoideus – the xiphoid process 
C7 Spinal process of the 7th cervical vertebra 
T4 Spinal process of the 4th thoracic vertebra 
Thorax 
T8 Spinal process of the 8th thoracic vertebra 
 
D1 Deltoid insertion 
BB Origin of brachioradialis 
TB Medial head of triceps 
ME Medial epicondyle 
LE Lateral epicondyle 
Humerus 
GH Glenohumeral Centre of Rotation (CoR) 
 
SS Brachioradialis 
SF Flexor carpi ulnaris 
SB Extensor carpi ulnaris 
RS Radial styloid process 
US Ulnar styloid process 
Forearm 
F1 First metacarpal 
 
AA Acromial angle 
AI Inferior angle of the scapula 
Scapula 
TS Root of the scapular spine 
 
LME Left (non-dominant arm)– medial epicondyle Left Humerus 
LLE Left (non-dominant arm) – lateral epicondyle 
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Figure 4-5: Subject marker set-up. The markers in blue      are landmarks recommended by the ISB  
(Wu et al., 2005). The markers in red      are the palpated scapular landmarks, which are either 
attached directly to the skin overlying the landmarks or to the scapula locator. The dotted marker in 
light blue       is a virtual marker position; it is the estimated CoR of the glenohumeral joint (Gamage 
and Lasenby, 2002). The markers in green     are the digitised marker positions on the epicondyles. 
The markers in yellow       are additional markers; used to help the identification of anatomical 
markers or to replace anatomical markers during dynamic trials. The landmarks are described in 
Table 4-1. 
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4.3.4  Laboratory Setup 
The subject was comfortably seated on a backless stool in the middle of the capture 
volume with feet at a comfortable width apart and arms hanging beside the body. The 
position of the stool was adjusted so that an elevation in the scapular plane corresponded 
with the arm pointing to a track on the floor and the wall. The subject followed the track 
on the floor and the wall using a laser pointer attached to the subject’s forearm on the 
dominant arm only. The track was marked at approximately 10° increments of elevation 
and with the help of a metronome giving an audio prompt at 0.75 Hz subjects aimed to 
elevate their arms 10° for every metronome tick whilst keeping a smooth continuous 
motion (Figure 4-6).  In this study, the metronome speed was chosen to aid the 
inexperienced observers in tracking the scapula movements accurately. Subjects were 
allowed to practise a few times until they were able to keep a steady pace with minimum 
deviation from the track, before measurements were taken. 
This setup served the following purposes:  
• Keeping the chair in position and following the track helped the subject maintain the 
same plane of elevation. 
• Using the metronome allowed subjects to maintain a constant speed of elevation. 
• Attaching the laser pointer to the forearm with the elbow at full extension helped 
control the internal/external rotation of the humerus. 
Subjects were not instructed to axially rotate the humerus in any certain manner; they 
were left to do the movement they were comfortable with. Although the shoulder 
naturally axially rotates during elevation in planes between the coronal and the scapular 
planes (de Groot, 1997; van der Helm and Pronk, 1995), the magnitude of this rotation 
differs between individuals. Instructing the subject to keep the palm of the hand facing 
the same direction during elevation (i.e. same axial rotation angle) might not be 
achievable by all subjects and could also cause discomfort and muscle fatigue and hence 
increase variations in the subject’s movements (motor noise). This was also decided after 
a pilot study was carried out; during the pilot study subjects were instructed to keep the 
thumb facing upwards during elevation. It was noted that although all the subjects 
included in the study could maintain this hand position for the whole elevation, most did 
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not maintain it for the full experimental protocol. This is because towards the end of the 
protocol when subjects were more fatigued they tended to conduct the movement they 
found to be more comfortable. 
However, attaching the laser pointer to the forearm of the subject with the elbow at full 
extension meant that the subject had to control the internal/external rotation of the 
humerus in order to keep the laser beam inside the track and hence was more likely to 
repeat the exact movement.  
Although subjects had to sustain a slight cervical rotation in order to follow the track on 
the floor and the wall, this movement was repeatable across trials. Hence, even though it 
could have had an effect on the position of the scapula, this effect was consistent across 
trials and was not thought to affect the assessment of the method.  
 
Figure 4-6: Experimental layout with subject following a guide-track. The subject follows a track on 
the floor and the wall using a laser pointer attached to the forearm; the marks on the floor and the 
wall are approximately 10° apart. 
4.3.5  Experimental Protocol 
The experimental protocol was created to satisfy the objectives stated in Section 4.2, 
which were to examine the effect of learning from short-term practise using the locator on 
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its own and using the locator with the additional pressure-sensing feature on the intra-
observer variations.  
The experimental protocol followed for Groups A and B was the same. It was as follows: 
1. A static trial was taken of the marker setup.  
This was done with the subject seated and the shoulder in the anatomical position, i.e. the 
arms hanging next to the body and palms facing forwards (Willis, 2005). This trial was 
later used for the labelling of markers and as a reference for the rest of the dynamic trials. 
2. A static trial to digitise the lateral epicondyle (LE) position. 
This trial was used in the calibration of the lateral epicondyle anatomical position of the 
subject’s dominant arm. During the trial the subject had the elbow flexed at 90° with no 
axial rotation of the humerus. The tip of the pointer was positioned by the observer on the 
lateral epicondyle as shown in Figure 4-7. The post-processing and analysis of this trial is 
explained in Section 4.3.6.1. 
3. A static trial to digitise the medial epicondyle (ME) position. 
This trial was used in the calibration of the medial epicondyle anatomical position of the 
subject dominant arm. The trial was taken with the subject in the same position as 
described in step 2. The analysis of this trial is also explained in Section 4.3.6.1. 
4. A trial to estimate the glenohumeral centre of rotation (GH) position. 
To estimate the GH CoR, a functional method was used (Section 4.3.6.2). The trial was of 
the subject moving the humerus in all three rotational degrees of freedom in a random 
non-cyclic manner. The movements occurred in flexion-extension and abduction-
adduction angles smaller than 60°, in order to keep scapular movements to a minimum. 
During this time the observer tracked the small movements of the scapula. This trial 
lasted about 40 seconds to ensure that enough data was captured for the estimation of the 
CoR. 
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5. Six consecutive trials of bilateral abduction with the scapular movements 
measured either using the locator alone (method NF) or using the locator with the 
feedback from the pressure sensors (method F).  
The variation between the first three trials was compared to the variation between the 
latter three in order to look at whether the investigator improved his/her reliability after 
short-term practise in tracking the scapula. This step was followed using method NF for 
Group A and using method F for Group B (Section 4.2), the rest of the steps in the 
protocol were the same for both groups.  
4.3.6  Data Analysis 
4.3.6.1  Calibration of ME and LE 
The largest skin deformation in optical tracking is observed around joints (Cappozzo et 
al., 1996); this is because of the loose skin surrounding the joint area. This is the reason 
placement of markers on the epicondyles introduces high measurement errors and have 
been highly discouraged – Section 2.4.2 (Leardini et al., 2005; Cappozzo et al., 1996). 
In a study by Cappozzo et al. (1996) a marker on the lateral epicondyle of the femur was 
found to introduce errors of up to 40 mm for 120° of knee flexion. The epicondyles of the 
humerus would probably introduce a smaller magnitude of error but the errors are still 
likely to be significant and can have a profound effect on the measured upper body 
kinematics. For this reason, the positions of the medial and lateral epicondyles were 
calibrated before the start of the experiment.   
Solution 
Cappozzo et al. (1995) proposed a method to calibrate the positions of certain anatomical 
landmarks such as the epicondyles which are either not practical for use in dynamic 
experiments or can introduce high errors. The method measured the positions of the 
anatomical landmarks relative to the tip of a pointer of known dimensions; the anatomical 
landmark positions were then defined relative to a technical frame on the same segment in 
a static trial and used for the remainder of the experiment. The technical frame was 
defined using three markers placed on the segment in positions that have less significant 
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skin-to-bone movement (Cappozzo et al., 1995). A full description of the method as 
applied to the humeral lateral epicondyle is given below.   
Digitisation 
The markers chosen for the technical frame of the humerus (D1, BB, TB) have less 
significant skin-to-bone movements than the medial and lateral epicondyles as well as 
better visibility to the cameras of the optical tracking system (Anglin and Wyss, 2000; 
Williams, 1996). 
To digitise the lateral epicondyle, a static trial was captured with the tip of the pointer 
positioned on the lateral epicondyle as shown in Figure 4-7 and explained in Step 2 of the 
experimental protocol (Section 4.3.5); this trial was used for the rest of the analysis. 
 
Figure 4-7: Calibrating the position of LE (lateral epicondyle). This is described in Step 2 of the 
experimental protocol (Section 4.3.5). The ME position is calibrated using the same method.  
First, a co-ordinate frame was defined using three markers on the pointer; the co-ordinate 
frame was used to define the position of the landmark using the known distances between 
the markers on the pointer and the landmark position. 
The co-ordinate frame of the pointer was defined as follows and shown in Figure 4-8; 
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op: The origin coincides with marker c on the pointer 
zp: The line connecting marker s and marker c, pointing towards s. 
cscszp −−= /)(        eq. 4.1  
Xp: The line connecting marker p to marker c, pointing towards p.   
cpcpxp −−= /)(      eq. 4.2 
yp: The line perpendicular to the xP and zP axes, pointing upward.  
ppp xzy ×=                      eq. 4.3 
After defining a co-ordinate frame for the pointer, the position of LE relative to the global 
frame was calculated as follows:  
))()(( pp yzcLE −+−+= ba            eq. 4.4 
 
 
Figure 4-8: Definition of the co-ordinate frame of the pointer. This is defined using markers C, S and 
P and distances a and b are used to find the position of the landmark.  
Using eq. 4.4, the position of LE was found relative to a global frame in the static trial. To 
find the position of LE in dynamic trials, it was defined relative to markers on the same 
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segment, i.e. upper arm, and the markers were present in the dynamic trials. A technical 
co-ordinate frame for the markers on the upper arm was formed using D1, BB and TB 
markers (Table 4-1 and Figure 4-3) as follows:  
oht: The origin coincides with D1 
yht: The line connecting D1 and TB, pointing towards D1.  
BBD1BBD1yht −−= /)(            eq. 4.5 
xht: The line perpendicular to the plane formed by D1, TB and BB, pointing forward.   
( ) ( )( ) ( ) ( )( )TBD1TBBBTBD1TBBBxht −×−−×−= /        eq. 4.6 
zht: The line perpendicular to the xht and yht axes, pointing to the right.  
hththt yxz ×=              eq. 4.7 
LE was transformed from the global frame to the humerus technical frame using the 
following equation: 
( ) hthtL ToLELE −=                eq. 4.8 
where Tht is the transformation matrix from the global frame to the humerus technical 
frame and was formed as follows: 
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In subsequent dynamic trials LEL co-ordinates defined relative to the local technical frame 
of the humerus replaced LE position, this is also illustrated in Figure 4-9. The LEL 
position was used in the definition of the humerus anatomical co-ordinate frame    
(Section 4.3.6.4).  
Tracking Scapular Movement 
 75 
 
Figure 4-9: Transforming LE from the global co-ordinate frame to a local point LEL on the Humerus 
technical frame.  
4.3.6.2  The Glenohumeral Joint Centre of Rotation   
The GH CoR is used along with the lateral and medial epicondyles to define an 
anatomical co-ordinate frame for the humerus (Wu et al., 2005). The positions of the 
epicondyles can be directly measured or digitised as described in Section 4.3.6.1, but it is 
impossible to measure the position of the GH CoR directly as it is not a palpable 
landmark; the position of the GH CoR in-vivo can only be estimated (Wu et al., 2005; 
Stokdijk et al., 2000; Meskers et al., 1998a).  
A functional method was used to estimate the CoR using kinematic data of the motion of 
the markers on the humerus (D1, BB, TB) in relation to the markers on the scapula 
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locator (AA, TS, AI); the data was computed using a least-squares algorithm developed 
by Gamage and Lasenby (2002) to estimate the CoR of the glenohumeral joint.  
The method is also reported to perform better than other sphere-fitting functional methods 
under the same testing environment (Camomilla et al., 2006; Cereatti et al., 2004; Ehrig 
et al., 2006; Gamage and Lasenby, 2002; Halvorsen, 2003).  
Kinematic Data 
A functional method uses kinematic information about two segments as one moves 
relative to the other to estimate the CoR.  
To estimate the CoR of the GH joint the subject moved the humerus exploring most of the 
range of motion in all three rotational degrees of freedom in a random manner and 
avoiding cyclic systematic radial movements. As explained in Step 3 of the experimental 
protocol (Section 4.3.5) this was done whilst keeping minimal movements of the scapula 
and with the elbow flexed at 90°. The observer used the scapula locator to track the small 
scapular movements. 
Transformation to the Scapular Co-ordinate Frame 
Before the kinematic data is used to estimate the CoR of the GH joint the trajectories of 
the humeral markers are transformed to a local scapular co-ordinate frame. This step is 
important, because using the positional data of the markers on the humerus in the global 
frame without taking into account the scapula position assumes that the scapula does not 
move in relation to the global frame i.e. it is kept at the same position at all time instants. 
This could be an acceptable assumption had the scapula been immobilised completely, 
but since this is not the case, although the scapular movements are kept to a minimum, 
small movements should be taken into account before computation. This is equivalent to 
tracking the pelvis movement when a functional method is used to estimate the CoR of 
the hip joint using femoral movements (Camomilla et al., 2006).  
First, a co-ordinate frame for the scapula was defined using the markers on the scapula 
(AA, TS, AI) according to the recommendations of the ISB (Wu et al., 2005). All the 
markers were represented in the global frame of the system and the co-ordinate frame of a 
right scapula was defined as follows:  
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os: The origin coincides with AA 
zs: The line connecting TS and AA, pointing towards the right (AA).  
( ) ( )TSAATSAAzs −−= /          eq. 4.10 
xs: The line perpendicular to the plane formed by AA, AI and TS, pointing forward. 
( ) ( )( ) ( ) ( )( )TSAIAIAATSAIAIAAxs −×−−×−= /     eq. 4.11 
ys: The line perpendicular to the xs and zs axes, pointing upward.  
sss xzy ×=  eq. 4.12 
A transformation matrix from the global co-ordinate frame to the scapular co-ordinate 
frame was formed as following (Winter, 2005):  
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To transform the humeral markers (D1, BB, TB) from the global co-ordinate frame to the 
local co-ordinate frame of the scapula, the markers were translated relative to the new 
origin - the origin of the scapular co-ordinate frame - and then multiplied by the scapular 
transformation matrix. 
( ) ssg Tovv −= pp          eq. 4.14 
Where pv  is the p
th
 vector of a marker on the humerus in the scapular co-ordinate frame, 
p
gv  is the p
th
 vector of a marker on the humerus in the global co-ordinate frame, so  is the 
origin of the scapular co-ordinate frame which coincides with AA and sT  is the 
transformation matrix from a global co-ordinate frame to the scapular co-ordinate frame 
as defined in eq. 4.13 (Figure 4-10).  
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Figure 4-10: The global and scapular anatomical co-ordinate frames including the representation of 
the TB humeral maker in both co-ordinate frames.  
Gamage and Lasenby Least-Squares Method 
Once all the three markers on the humerus (D1, BB, TB) were transformed to the scapular 
co-ordinate frame; the Gamage and Lasenby (2002) cost function can be used to estimate 
the CoR of the humeral markers i.e. the glenohumeral CoR. The method makes use of a 
sphere-fitting algorithm, which does not assume rigidity, but assumes that the markers 
trace out a sphere centred at the CoR (Figure 4-11). Using these assumptions the 
following cost function C is formed:  
( ) ( )[ ]∑∑
= =
−−=
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k rC
1 1
2
22
mv        eq. 4.15 
where pkv  is the position of marker p at the k
th
 time instance, m represents the CoR, pr is 
the radius of the sphere formed by the p
th
 vector, P is the number of markers on the 
humerus (D1, BB and TB bring the total to 3 in this case) and N is the total number of 
frames.   
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Using geometric algebra, the following simplified equation can be derived and used to 
estimate the CoR m. The full derivation is given in the Gamage and Lasenby (2002) 
paper.  
bmA =           eq. 4.16  
A and b are defined as follows: 
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and;  
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( ) ( ) pkpkpk vvv 3 2=          eq. 4.22  
Halvorsen Bias-Compensated Least Square Method 
This least squares solution proposed by Gamage and Lasenby was found to perform better 
than the other methods widely used in the estimation of the CoR (Camomilla et al., 2006; 
Cereatti et al., 2004). However, a study by Halvorsen (2003) suggests that the method is 
biased, and this was also reported by Camomilla et al. (2006). Halvorsen (2003) 
introduced an iterative bias compensation algorithm to reduce the error. 
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According to Halvorsen’s proposed method (2003), an initial estimate of the CoR m0 was 
computed using eq. 4.16; then a correction term 
∧
∆b  was introduced to the already 
computed estimate to calculate a new estimate for the CoR m, as shown in the following 
equation;  





 ∆−=
∧
bbAm -1          eq. 4.23 
The correction term
∧
∆b can be estimated as follows:  
( )∑
=
∧∧∧
−=∆
P
p
p
1
22 mvb σ                                           eq. 4.24 
with 
∧
2σ being the noise variance, the noise is assumed to be isotropic and equal in all 
time instants. A full description of these assumptions and derivations is given in 
Halvorsen (2003). With these estimations the noise was approximated for each marker as 
follows:  
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σ         eq. 4.25 
where ku is a vector pointing from the CoR m to the marker at time k (Figure 4-11) and 
calculated for a marker p as follows: 
mvu −= pk
p
k            eq. 4.26 
and ( )
∧
2
u  was calculated in the same way as ( )
∧
2
v  (eq. 4.20): 
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2p           eq. 4.27 
The correction term was computed and subtracted from the previous estimate as shown in 
eq. 4.23 for 20 iterations as suggested by Halvorsen (2003). The above described 
algorithm and iterative correction were scripted in MATLAB (R2007a, The MathWorks, 
Natick, USA).  and result of the computation (GH) was used to define a co-ordinate frame 
for the humerus             (Section 4.3.6.4). 
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Figure 4-11: Schematic of the Gamage and Lasenby (2002) least-squares solution. The method 
assumes that the makers on the humerus trace out a sphere centred at the CoR. 
p
kv is the p
th
 vector at 
the k
th
 time instance, m is the vector of the CoR, 
pr  is the radius of the sphere traced out by the 
vector p and 
p
ku  is the vector between the CoR and the pth marker at the k
th
 time instance.  
4.3.6.3  Transforming the Locator Markers to the Scapular 
Plane 
As explained in Section 4.3.3, the markers AA, AI and TS were not attached directly to 
the skin but instead were attached to the scapula locator. Depending on the dimensions of 
the scapula locator, the markers on the locator could be lying in a different plane to that of 
the actual landmarks i.e. to the contact points with the skin, even though the relationship 
between the markers will still be the same.   
For this reason the glenohumeral and scapulothoracic kinematics calculated using a co-
ordinate frame defined using the markers on the locator will have an offset value to the 
kinematics calculated using a co-ordinate frame on the plane of the scapula. To avoid this, 
using the known distances between the markers on the locator and the contact points with 
the scapular landmarks, the markers on the locator are transformed to the plane of the 
scapula.  
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To transform the markers on the locator to the plane of the scapula, the dimensions shown 
in Figure 4-12 were measured. A co-ordinate frame using the initial positions of the 
markers on the locator (AA0, AI0, TS0) was then defined as described in Section 4.3.6.2 
eq. 4.10, 4.11 and 4.12, this is also shown in Figure 4-12. 
The new positions of the three landmarks (AA, AI, TS) can then be calculated using the 
following equations, where a, b, c and d are the distances shown in Figure 4-12 and all 
markers were represented in the global co-ordinate frame.  
)( 00 xAAAA a+=            eq. 4.28 
)( 00 xAIAI b+=              eq. 4.29 
)()( 000 zxTSTS −++= dc          eq. 4.30 
The new marker positions were used to define the scapular co-ordinate frame. This 
method has been cross-checked with using the pointer to calibrate the positions of the 
three contact points as in Section 4.3.6.1. The differences were found to be between         
1 - 2 mm which is in the same range of landmark palpation errors (Salvia et al., 2009). 
Placing the markers on the locator and then transforming the markers to the plane of the 
skin as described above was preferred to using the pointer because it eliminates errors 
caused by the slippage of the pointer and also because the skin deformation is not a 
problem in this case, unlike the case of calibrating ME and LE described in Section 
4.3.6.1, where placing a marker directly on the landmark is subject to errors caused by 
skin deformation and visibility to the optical motion tracking system.  
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Figure 4-12: The relationship between the markers on the body of the locator and the contact points 
with the skin. The co-ordinate frame defined using the initial markers on the locator is used along 
with the measured distances a, b, c and d to transform the markers from the plane of the locator body 
to the plane of the scapula. AA0, AI0 and TS0 are the positions of the markers on the locator. x0, y0 and 
z0 are the axes of the co-ordinate frame defined using the markers on the locator. AA, AI and TS are 
the positions of the markers after the transformation.  
4.3.6.4  Segmental Co-ordinate Frames 
Defining a co-ordinate frame for the segments is the first step to calculating joint 
rotations. The co-ordinate frames defined here are for the thorax, humerus and the scapula 
which allowed the glenohumeral, scapulothoracic and humerothoracic rotations to be 
calculated – this is explained in the next section. The segments co-ordinate frames are 
defined using anatomical markers and according to the ISB recommendations (Wu et al., 
2005). The definitions below were given for a right shoulder, for a left shoulder the 
mirror image of the z-axis was used i.e. z = – z (Wu et al., 2005; Anglin and Wyss, 2000).    
Thorax  
A co-ordinate frame for the thorax is needed in the calculations of the scapulothoracic and 
humerothoracic rotations, and it was defined using IJ, C7, PX and T8 markers on the 
thorax (Table 4-1 and Figure 4-5). The positions of the markers were represented in the 
z0 
x0 
y0 
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global frame of the system and the anatomical co-ordinate frame of the thorax as shown 
in Figure 4-13 was defined as follows:  
ot: The origin coincides with IJ. 
yt: The line connecting the midpoint between PX and T8 and the midpoint between IJ and 
C7, pointing upward. 
( ) ( )LTUTLTUTy t −−= /          eq. 4.31 
where:  
( ) 2/C7IJUT +=           eq. 4.32 
( ) 2/T8PXLT +=           eq. 4.33 
zt: The line perpendicular to the plane formed by IJ, C7 and LT (eq. 4.33), pointing to the 
right.  
( ) ( )( ) ( ) ( )( )IJLTIJC7IJLTIJC7z t −×−−×−= /       eq. 4.34 
xt: The line perpendicular to yt and zt, pointing forward.   
ttt zyx ×=            eq. 4.35 
Humerus  
The anatomical co-ordinate frame for the humerus was used in the calculations of the 
glenohumeral and the humerothoracic rotations. The anatomical co-ordinate frame was 
defined using the GH, LE and ME markers; these markers were, however, defined with 
respect to the humerus technical frame, because they were not present during the dynamic 
trials. The humerus technical frame was defined using D1, BB and TB markers     
(Section 4.3.6.1).  
The humeral anatomical co-ordinate system used here is the first option recommended by 
the ISB (Wu et al., 2005) shown in Figure 4-13 and defined as follows: 
oh: The origin coincides with GH. 
yh: The line connecting GH and the midpoint between ME and LE, pointing upward. 
( ) ( )CEGHCEGHyh −−= /            eq. 4.36 
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where; 
( ) 2/LEMECE +=           eq. 4.37 
xh: The line perpendicular to the plane formed by LE, ME and GH, pointing forward.    
( ) ( )( ) ( ) ( )( )LEMEGHLELEMEGHLExh −×−−×−= /      eq. 4.38 
zh: The line perpendicular to yh and xh, pointing to the right.  
hhh yxz ×=            eq. 4.39 
Scapula  
The scapular co-ordinate frame was used in the calculations of the glenohumeral and the 
scapulothoracic rotations and was defined using AA, AI and TS markers as described in 
Section 4.3.6.2 and shown in Figure 4-13. A summary of the co-ordinate frame definition 
is presented here; the equations are given in Section 4.3.6.2. 
os: The origin coincides with AA 
zs: The line connecting TS and AA, pointing towards the right (AA) (eq. 4.10).  
xs: The line perpendicular to the plane formed by AA, AI and TS, pointing forward      
(eq. 4.11).  
ys: The line perpendicular to the xs and zs axes, pointing upward (eq. 4.12). 
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Figure 4-13: The co-ordinate frames of the thorax, scapula and humerus as defined by the ISB (Wu et 
al., 2005; Kontaxis et al., 2009). The co-ordinate frame of the thorax and the markers defining the 
frame are in black (the posterior markers are dotted), the co-ordinate frame of the scapula and the 
markers defining the frame are shown in red and finally the co-ordinate frame and the markers of 
the humerus are in blue.  
4.3.6.5  Joint Rotations 
Euler rotations are the most frequently used in the analysis of upper body kinematics (Wu 
et al., 2005; Meskers et al., 1998b; van der Helm and Pronk, 1995) and would give means 
for comparison between studies. A description of how Euler rotations are calculated is 
given in Appendix B. The Euler rotation sequences and their significance for each joint 
are presented here.  
Glenohumeral Rotations 
The Glenohumeral rotations describe the movements of the humerus relative to the 
scapula and were calculated using the sequence of x-z’-y’’ and describe the following:  
1
st
 rotation – represents the negative abduction of the humerus about the x-axis of the 
scapula  
2
nd
 rotation – represents the flexion and it is about the rotated z-axis 
zh 
yt 
zt 
xt 
yh 
xh 
ys 
xs 
zs 
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3
rd
 rotation – represents the humeral longitudinal rotation about the new rotated y-axis  
Scapulothoracic Rotations 
The scapulothoracic rotations describe the rotations occurring in the scapulothoracic 
gliding plane between the scapula and the thorax. Some of these rotations can have very 
small magnitudes and this is the reason why measuring the kinematics of this joint 
accurately and reliably is important and it is also why the scapulothoracic rotations are 
looked at in details when analysing the reliability of the method (Section 4.4). The 
rotations were calculated in the sequence of y-x’-z’’ and describe the following: 
1
st
 rotation – represents the scapular internal rotation about the y-axis 
2
nd
 rotation – represents the scapular negative upward rotation about the rotated x-axis  
3
rd
 rotation – represents the scapular posterior tilt about the newly rotated z-axis  
Humerothoracic Rotations 
The humerothoracic rotations do not describe the kinematics of a real joint, but describe 
the movement of the humerus relative to the thorax. These rotations are commonly 
reported in the literature and provide grounds for comparison and normalisation. The 
rotations were calculated in the same sequence as the glenohumeral joint x-z’-y’’ which 
describe the following movements:  
1
st
 rotation – represents the negative abduction of the humerus about the x-axis of the 
thorax 
2
nd
 rotation – represents the flexion and it is about the rotated z-axis 
3
rd
 rotation – represents the humeral longitudinal rotation about the new rotated y-axis 
All co-ordinate frame definitions and Euler rotations were scripted in Vicon BodyBuilder 
(Version 3.6, Vicon, Oxford).  
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4.3.6.6  Data Preparation 
Normalisation 
As described previously (Section 4.3.2), the system captures the 3D trajectories of the 
reflective markers attached to landmarks on the skin and the output is the 3D (x, y and z) 
co-ordinates of the marker in the global frame of the system at all time frames. Hence, 
when the joint rotations were calculated they were also calculated for each time frame, 
and a graph can be plotted for the joint rotation against time.  
The presence of a metronome (Section 4.3.2) helped the subjects maintain a constant 
speed during abduction, however it did not completely rule out the variations in speed 
within the same trial as well as across trials and subjects; this is important when 
comparisons are made.  
The data points in Figure 4-14 are the scapular upward rotation angles (calculated using 
Euler rotations as described in Section 4.3.6.5) plotted against the time at which they 
occurred from the start of the trial. Figure 4-14 shows three trials carried out by the same 
subject. However, by plotting joint rotations against time, variations between trials caused 
by differences in the abduction speed can be falsely perceived as differences in rotations 
as shown in Figure 4-14.  
To free the data from the effects caused by variations in speed and hence make it more 
suitable for comparison purposes, the data was normalised against the humerothoracic 
abduction angle (calculated using Euler rotations as described in Section 4.3.6.5). 
Normalising against humerothoracic rotations is common practise in the shoulder 
biomechanics literature (van Andel et al., 2009; Karduna et al., 2001; Wu et al., 2005; 
McQuade and Smidt, 1998) and therefore allows comparisons with published data; this 
also minimised redundancies in the data caused by pauses which was especially noted at 
the end-of-range. Figure 4-15 shows the same trials presented in Figure 4-14; here the 
scapular upward rotation angles are plotted against the corresponding humerothoracic 
abduction angles, which is effectively how much the humerus was elevated relative to the 
position of the thorax.  
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Figure 4-14: Scapular upward rotation plotted against time for three trials of bilateral abduction for 
the same subject.  
 
Figure 4-15: Scapular upward rotation of the same trials presented in Figure 4-14, but normalised 
against the humerothoracic abduction angle.   
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Interpolating Between Data Points 
Although the data points have been normalised to the humerothoracic abduction, it is 
important to be able to determine the scapular rotation corresponding to any specific 
humerothoracic angle before the methods can be compared. However, because the 
scapular rotations and the humerothoracic rotations were originally measured against 
time, when the two rotations are plotted against each other, the data points are 
discontinuous. This becomes more obvious when the data points are looked at closely as 
shown in Figure 4-16. The figure shows the scapular upward rotation angles (also shown 
in Figure 4-15) at humerothoracic angles between 80° and 90° only.  
From the figure, it can be seen that specific humerothoracic abduction angles can 
correspond to no value or to more than one value of scapular upward rotation. Therefore, 
in order to find the values at intermediate points between the data points and to have a 
smooth continuous representation of the relationship between the two variables a 
piecewise cubic polynomial was used to interpolate between the data points; a piecewise 
polynomial approximation divides the interval between the data points into subintervals, 
and constructs a different approximating polynomial fit for each interval (Faires and 
Burden, 1993); this was done using MATLAB (R2007a, The MathWorks, Natick, USA).  
The interpolation was done with respect to the humerothoracic abduction angles, and the 
points represent the corresponding values of scapulothoracic rotations for each half a 
degree of humerothoracic abduction as shown in Figure 4-17.  
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Figure 4-16: Data points representing the scapular upward rotation for a humerothoracic abduction 
angles between 80° and 90°.  
 
 
Figure 4-17: The use of interpolation in kinematic analysis. The data points are shown in light purple, 
light blue and light pink whilst the purple, navy blue and pink diamonds show the points interpolated 
using a piecewise cubic polynomial fit.   
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Standard Deviations as a Measure of Variability 
Standard deviations were used to measure the variability between the scapular 
measurements, this was also used in previous studies (Johnson et al., 1993; Barnett et al., 
1999; Meskers et al., 1998b). The standard deviations of the measurements obtained by 
one observer are referred to as intra-observer errors, and the standard deviations of the 
measurements obtained by more than one observer are referred to as inter-observer errors. 
Low standard deviations are an indicator that the measurements are reliable whilst high 
standard deviations indicate that the measurements are spread out over a large range of 
values and that the mean is not an accurate representation of the measurements (Field, 
2000). Using standard deviations as a measure of the intra-observer and inter-observer 
variations have also been used in previous locator studies (Meskers et al., 1998b; van 
Andel et al., 2009; Johnson et al., 1993) and therefore facilitates comparisons with 
published data. 
The interpolated points were used to represent a continuous data of the trials and the 
standard deviations were calculated according to the following equation; 
( )∑
=
−
−
=
N
i
i xx
N
s
1
2
1
1
         eq. 4.40 
where x  is the mean value and N is the size of the sample (Backhouse, 1967).  
Figure 4-18 shows the average of the same trials presented in Figure 4-15 and the 
standard deviations of the trials are shown as error bars.  
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Figure 4-18: Average (in black) scapular upward rotation of the trials shown in Figure 4-15; the 
standard deviations between the trials are shown as error bars.  
4.3.6.7  Statistical Analysis 
As stated in Section 4.2, the aim of this study is to examine the effect of learning on the 
intra-observer errors when using the NF method (Group A) and when using the F method 
(Group B). The same statistical analysis was done for the two groups, however, the 
analyses were kept separate.  
To examine the effect of short-term practise on the performance of the observer, the 
standard deviations between the first three measurements at humerothoracic angles of    
30 - 130° at 10° intervals was compared to the standard deviations at the same 
humerothoracic angles of the second set of three measurements. This was done using a 
repeated measures ANOVA test (Kinnear and Gray, 2000) for the three scapulothoracic 
rotations; internal/external rotation, upward/downward rotation and scapular tilt. All of 
the statistical tests were carried out using SPSS (version 16.0, Chicago, USA).   
4.4  Results and Discussions  
Group A – method NF 
In Group A, the observers used method NF to measure the scapular kinematics of the 
subjects, three observers participated in the study to ensure that an improvement in the 
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reliability of the measurements obtained is not due to personal skills alone but to the 
method used to obtain the measurements. 
The standard deviations of the first three scapular measurements and the standard 
deviations of the last three trials for each subject were used in the statistical analysis. The 
deviations are in degrees and are referred to as intra-observer variations (errors).  
The means and the standard errors of the intra-observer variations of the three scapular 
rotations and the two groups (First trials and Last trials) are shown in Table 4-2.  
The standard error between the data entries was calculated according to the following 
equation: 
N
s
SE =            eq. 4.41 
where s is the standard deviation defined in equation 4.40 and N is the size of the sample 
(Everitt, 2003).  
Table 4-2: Means, 95% confidence intervals, standard errors of measurements and p-values for the 
three scapular rotations for Group A using method NF. 
95% 
Confidence 
interval  
Scapulothoracic 
rotations 
Order 
of 
trials 
Mean 
intra-
observer 
variations 
(°) 
Lower 
bound 
Upper 
bound 
Standard 
error of 
measurements 
S.E.M 
Order 
(p-
value) 
Order*Angle 
(p-value) 
Internal/External 
rotation 
First 3 
Last 3 
2.32 
2.86 
1.20 
0.84 
3.48 
5.05 
0.44 
0.77 
 
0.517 0.412 
Upward rotation First 3 
Last 3 
2.53 
3.16 
1.70 
0.75 
3.48 
5.59 
0.35 
0.92 
 
0.486 0.117 
Tilt First 3 
Last 3 
2.73 
2.24 
1.18 
0.41 
4.21 
4.05 
0.60 
0.71 
0.637 0.566 
Table 4-2 shows that the means of the intra-observer errors are greater in the last trials for 
the internal/external rotation and upward rotation of the scapula, and smaller for the 
scapular tilt. This is also shown in Figure 4-19, Figure 4-20 and Figure 4-21. The 
repeated-measures ANOVA test reveals that these differences are not significant as 
shown by the p-values in Table 4-2, meaning that the short-term practise using method 
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NF did not show a significant difference in the reliability of the measurements obtained 
by the observer.  
Although the results imply that practise does not improve the intra-observer errors, it is 
important to emphasise that observers were only allowed to take the measurements for 6 
consecutive times, for which the first three are compared to the last 3. This means that the 
results show that practising for a few number of times before the measurements are taken 
is unlikely to significantly improve the reliability of the measurements obtained by the 
observer. However, if the observers were allowed to practise for a greater number of 
times, it is possible that the results would be different.  
Nevertheless, a sufficiently greater number of trials to make a significant difference 
would have been impractical because it would have required an extended time frame to 
complete the experimental protocol for each subject and hence would have been 
unsuitable as a recommendation guideline to improve the reliability of the measurements 
in clinical studies. The results show that three trials are either not a sufficient number to 
improve the reliability of the results, or that the observers are unable to improve the 
reliability using method NF.  
 
Figure 4-19: Mean intra-observer errors for scapular internal rotation when measured using method 
NF (n=6).  
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Figure 4-20: Mean intra-observer errors for scapular upward rotation for method NF and the 
differences between the first and last trials (n=6).  
 
 
Figure 4-21: Mean intra-observer errors for scapular tilt for method NF and the average differences 
between the first and the last trials (n= 6).  
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Group B – method F 
In Group B, observers used method F to measure the scapular kinematics. As in Group A, 
three observers participated in the study. The means of the standard deviations between 
the first three trials and the means of the standard deviations of the last three for each 
subject were used in the statistical analysis. 
The means of the intra-observer errors and the standard errors for the First 3 and the    
Last 3 scapular rotation measurements are given in Table 4-3. 
Table 4-3: Means, 95% confidence intervals, standard errors of measurements and p-values for 
Group B using method F. 
95% 
Confidence 
interval  
Scapulothoracic 
rotations 
Order 
of 
trials 
Mean 
intra-
observer 
variations 
(°) 
Lower 
bound 
Upper 
bound 
Standard 
error of 
measurements 
S.E.M 
Order 
(p-
value) 
Order*Angle 
(p-value) 
Internal/External 
rotation 
First 3 
Last 3 
2.71 
2.28 
1.06 
1.29 
4.44 
3.28 
0.64 
0.38 
 
0.514 0.470 
Upward rotation First 3 
Last 3 
2.88 
2.59 
1.38 
1.39 
4.38 
3.78 
0.60 
0.47 
 
0.713 0.368 
Tilt First 3 
Last 3 
2.52 
2.19 
1.19 
0.76 
3.90 
3.72 
0.51 
0.56 
0.562 0.330 
Unlike with method NF, in method F the mean intra-observer variations for the last three 
trials are smaller than the first three for all three scapulothoracic rotations as shown in 
Table 4-3 and Figure 4-22, Figure 4-23 and Figure 4-24. However, the differences 
between the first and the last trials are also non-significant. This means that the observer 
is also unlikely to improve the reliability of the measurements by practising a few times 
before the measurements are taken.  
As explained in the previous section, these results do not rule out completely the role of 
learning in improving the reliability of scapula locator measurements, but the results 
show that the improvements as a result of learning when using methods NF or F are not 
obvious after a few practices.  
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Figure 4-22: Mean scapular internal rotation for Group B and the mean intra-observer errors using 
method F (n=6).  
 
Figure 4-23: Mean scapular upward rotation for Group B and the mean intra-observer errors using 
method F (n=6).  
Tracking Scapular Movement 
 99 
 
 
Figure 4-24: Mean scapular tilt and intra-observer variations for Group B using method F (n=6).  
4.5  Summary  
One of the primary aims of the study is to test the scapula locator method as a dynamic 
measurement device for slow to medium paced scapular movements; this would make the 
method suitable for shoulder studies investigating scapular movement in functional daily 
activities (Section 4.2). In this study a total of 6 observers (in Groups A and B) 
participated, and none of the observers had any experience of measuring scapular 
movements. Before the trials the observers were trained to palpate the three scapular 
landmarks and to track the scapula during arm abduction in the scapular plane in the way 
described in Section 3.5.2.2, but no further instructions or feedback were given to the 
observers during the scapula tracking trials and for the rest of the experiment.  
The scapulothoracic measurements obtained using method NF and F are comparable to 
published rotations in the literature for abductions in the scapular plane (Meskers et al., 
1998b; Meskers et al., 2007; van Andel et al., 2009), the intra-observer errors obtained 
are of comparable magnitudes to the Johnson et al. (1993) study and of smaller 
magnitudes than those presented in the Meskers et al. (1998b) study.  
In summary, it can be concluded that the scapula locator could be used as a dynamic 
measurement device to obtain relatively accurate scapular kinematics in slow to medium 
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paced shoulder movements which are of a functional relevance. The results also show that 
a small number of practise trials are unlikely to help improve the reliability of the 
measurements obtained by the observer using the scapula locator, this is the case when 
using the locator without reference to feedback as in method NF and it is also the case 
when the observer uses the feedback from the pressure sensors as in method F. 
Although it could seem from the mean intra-observer errors shown in Table 4-2 for 
method NF and Table 4-3 for method F, that method F gives more reliable 
measurements, this comparison would not be justified because the subjects and observers 
participating in Group A and Group B are different and the sample size is too small 
compared to the inter-individual differences in the shoulder movements (de Groot, 1997) 
to have an unbiased representation of the scapular kinematics of the normal population.  
The hypothesis that the intra-observer and inter-observer errors are reduced when 
observers use feedback from pressure sensors (method F) than when no feedback on the 
pressures applied on the scapula is given to the observer (method NF) is tested in  
Chapter 5.   
 
  
 
 
 
 
 
 
Chapter 5  
Study II ― Using the Scapula Locator 
with or without Pressure Feedback:         
a Comparative Study 
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5.1  Introduction 
Manual handling of the scapula locator by the observer is required in order to obtain 
scapular measurements (Section 3.5.2.2). This raises two areas of concern; the first one is 
related to the accuracy of the method, this observer-dependency quality means that its 
accuracy relies on the ability of the observer to correctly identify the three scapular 
landmarks. This is the reason why relatively high intra-observer and inter-observer 
variations have been reported in the literature (Section 2.3.2.2), but despite these errors 
little has been suggested to improve the reliability of the method.  
The second concern is the effect of the unregulated pressures applied by the observer 
using the locator on the movement of the scapula. A number of studies have looked at the 
effect of external forces applied on the humerus on the shoulder kinematics (Michiels and 
Grevenstein, 1995; de Groot et al., 1999), but there is little information on the effect of 
external forces applied on the scapula on the shoulder kinematics and it is unknown 
whether high or unequal pressures on the scapular landmarks affect physiological 
shoulder motion. Nonetheless, ignoring the unknown effect of these forces on the 
scapular kinematics can have an undesirable influence on the interpretation of the results 
obtained using the scapula locator method in clinical studies.  
5.2  Aim and Objectives 
The aim of this study is to investigate whether feedback on the pressures applied on the 
contact points with the scapular landmarks – method F – improves the reliability of the 
measurements obtained using the scapula locator by reducing the intra-observer and inter-
observer variations. A second aim of the study is to investigate whether the unregulated 
pressures applied using the scapula locator have an effect on the scapular kinematics 
obtained using this method.  
To achieve these aims, a direct comparison between methods NF and F (described in 
Section 4.2) under the same conditions is conducted. The comparison concentrates on two 
main points: 
• the reliability of the two methods as assessed by the intra-observer and the inter-
observer variations, 
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• the scapulothoracic kinematics obtained using the two methods as representative of the 
scapular movement. 
In order to do this, each subject participating in the study is examined by a total of three 
observers; each observer examines the subject using method NF for the first three trials 
and then using method F for a second set of three trials. All observers use method NF for 
the first three trials and method F for the latter three; this is decided in order to avoid the 
interaction of the two methods if observers learn to regulate the pressures while using 
method F and transfer this learning when tracking the scapula using method NF. 
Chapter 4 has shown that six consecutive trials using the same method (either NF or F) 
do not produce improvement due to practise alone, however it is unknown whether it is 
possible to transfer learning from one method to another. Using the sequence suggested 
above it is possible to suggest that differences between the two sets of three trials will be 
due to differences between the methods used to obtain the measurements.  
5.3  Materials and Method 
5.3.1  Study Population 
A total of 14 male subjects recruited from Imperial College London Bioengineering 
department participated in the study with a mean age of 29.4 ± 11.1 (standard deviation), 
all the subjects gave a consent to the procedure and were aware of their right to withdraw 
from the study at any point. Five observers were used to obtain the scapular 
measurements, all the observers were members of the Imperial College London 
Musculoskeletal Biomechanics group, but only one observer was familiar with scapula 
palpation and tracking. Subjects were divided into two equal groups of 7, and each group 
was examined by three observers; one observer examined both subject groups and two of 
the observers examined the first group only whilst the remaining two observers examined 
the second subject group only. This was done for convenience and to reduce the time 
spent on the study by these observers and did not affect the analysis of the results; the 
intra-observer variation is the difference between the trials of the same observer 
measuring the same subject and the inter-observer variation is the difference between the 
trials obtained by the three observers examining the same subject (Figure 5-1), meaning 
that the analysis used for each subject was still the same, and the results obtained from 
both groups were combined for the statistical analysis.  
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As in Study I (Chapter 4), subjects were included in the study if they had a fully 
functional shoulder as assessed by the OSS (Dawson et al., 2009), and they were 
excluded if they had a current or a recurrent history with shoulder pain or if they had a 
clinical intervention on the shoulder previously.  
5.3.2  Equipment and Instrumentation 
The equipment used was the same as in Study I (Section 4.3.2). An optical motion system 
was used to track reflective markers attached to the subject skin (Figure 4-5), and the 
scapula locator shown in Chapter 3 was used to dynamically track the scapula during 
movement. The locator was used on its own without reference to the feedback from 
pressure sensors for method NF, and for method F the locator was connected to the 
computer and used with reference to the feedback from the pressure sensors (Chapter 3). 
A detailed description of the equipment used is given in Section 4.3.2. 
5.3.3  Subject and Laboratory Setup 
The same setup as in Study I was used in this study. A bilateral abduction in the scapular 
plane is the primary motion in the study, subjects followed a track on the floor and the 
wall using a laser pointer attached to the forearm in order to reduce motor noise by 
maintaining the same plane of motion. A detailed explanation of the setup is provided in 
Sections 4.3.3 and 4.3.4.  
5.3.4  Experimental Protocol 
The experimental protocol was created to allow methods NF and F to be compared 
directly and to satisfy the objectives stated in Section 5.2. The protocol used was the same 
for all subjects and is as follow: 
1. A static trial of the marker setup (Section 4.3.5). 
2. A static trial to digitise the LE position (Section 4.3.5). 
3. A static trial to digitise the ME position (Section 4.3.5). 
4. A trial to estimate the GH position (Section 4.3.5). 
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5. Three consecutive trials of bilateral abduction with the observer tracking the 
scapula using method NF. 
For the first subject, the observer was trained to palpate the landmarks and to track the 
scapula using the scapula locator alone before the three trials were carried out.  
6. Three consecutive trials of bilateral abduction with the observer tracking the 
scapula using method F. 
For the first subject, the observer was trained to dynamically track the scapula using the 
scapula locator and feedback from the pressure sensors before these three trials were 
carried out.  
Steps 5 and 6 were repeated by the two other observers during the same session; in cases 
where this was not possible for logistical reasons, all steps in the protocol were carried 
out on a different session with Steps 5 and 6 carried out by a different observer.  
Only one of the observers was already familiar with using methods NF and F and 
therefore required no training, all the other observers required the training described 
above. Initially the experimental protocol was carried out on two sessions in the cases 
when the observers were not available during the same day. However, during the conduct 
of the first few experiments it became apparent that subjects complained from muscle 
fatigue by the time a third observer was due to take the measurements, for these reasons 
for 13 out of the 14 subjects the experiment was completed over two sessions. No two 
sessions occurred on a single day and the sessions were either one or two days apart.  
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5.3.5  Data Analysis 
Most of the data analysis was completed in the same way described in Study I. The 
calibration of the LE and ME positions were the same as described in Section 4.3.6.1 and 
the GH CoR was estimated as described in Section 4.3.6.2. 
The co-ordinate frames of the segments were defined according to the ISB 
recommendations (Wu et al., 2005), and as described in Chapter 4 for the thorax, 
humerus and scapula (Section 4.3.6.4).  
The joint rotations were calculated using Euler rotations (Appendix B), the glenohumeral 
and humerothoracic rotations were calculated using a sequence of x-z’-y’’ (abduction, 
flexion, axial rotation) and the scapulothoracic rotations were calculated using a sequence 
of y-x’-z’’ (external, lateral, tilt) – Section 4.3.6.5.   
The scapulothoracic angles were then normalised against the humerothoracic abduction 
and data points for corresponding humerothoracic abduction angles were interpolated 
(Section 4.3.6.6). Standard deviations were also used as a measure of the reliability of the 
methods (Section 4.3.6.6); intra-observer variation for a method was obtained using the 
standard deviation between the trials of each observer measuring the same subject using 
this method, while inter-observer variation was calculated as the standard deviations 
between the means of the measurements obtained by the three observers measuring the 
same subject using the particular method. This is explained in Figure 5-1. 
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Figure 5-1: Illustration of the trials used to calculate the intra-observer and inter-observer variations 
for method NF and F.  The trials shown are for a single subject.  
5.3.5.1  Statistical Analysis 
Reliability – Intra-observer and Inter-observer variations 
As explained previously, the reliability of the method was assessed using the standard 
deviations between the trials (Section 4.3.6.6), Figure 5-1 shows the trials used to 
calculate the intra-observer and inter-observer variations. As explained in Section 5.3.1, 
the results obtained from the two subject groups were combined for the statistical 
analysis.  
One of the objectives of the study is to examine the effect of the method used on the 
reliability of the measurements (Section 5.2). The reliability was assessed by 
investigating the effect on the intra-observer and inter-observer variations. To achieve 
this, the intra-observer errors of method NF at humethorothoracic angles of 30 - 140° at 
10° intervals were compared to the intra-observer errors of method F at the same 
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humerothoracic angles. This was done using a repeated-measures ANOVA test for the 
three scapulothoracic rotations. The same analysis was used to examine the effect of the 
method on the inter-observer variations. 
Kinematics 
Another aim of the method is to investigate the effect of the unregulated pressures applied 
using the locator on the scapular kinematics obtained (Section 5.2). In order to do this a 
repeated-measures ANOVA test was conducted, where the scapulothoracic kinematics 
obtained using the two methods for each subject were compared at humerothoracic angles 
of 30 - 140° at 10° intervals. All of the statistical tests were carried out using SPSS 
(version 16.0, Chicago, USA).   
5.4  Results and Discussion 
5.4.1  Reliability 
Intra-observer Variations  
To investigate the effect of the method on the intra-observer variations, the standard 
deviations between the trials obtained by an observer using method NF was compared to 
the standard deviations between the trials obtained by the same observer using method F 
as explained in Section 5.3.5.1 and this was done for the three scapulothoracic rotations. 
The results of the statistical tests are shown in Table 5-1 and these show that the mean 
intra-observer variations for the three scapulothoracic rotations are smaller for method F. 
This difference is significant for the internal/external rotation (Figure 5-2) and the upward 
rotation (Figure 5-3) of the scapula as indicated by the p-values. The interaction effect 
between the method and the angle is not significant for the two rotations meaning that the 
method gives smaller intra-observer errors regardless of the abduction angle.   
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Table 5-1: Means, 95% confidence intervals, standard errors of measurements and p-values of the 
intra-observer variations for the three scapulothoracic rotations.  
95% 
Confidence 
interval  
Scapulothoracic 
rotations 
Method Mean 
intra-
observer 
variations 
(°) 
Lower 
bound 
Upper 
bound 
Standard 
error of 
measurements 
S.E.M 
Method 
(p-
value) 
Method*Angle 
(p-value) 
Internal/External 
rotation 
NF 
F 
3.90 
3.07 
3.20 
2.55 
4.54 
3.60 
0.31 
0.24 
 
0.045* 0.782 
Upward rotation NF 
F 
3.76 
3.24 
3.31 
2.83 
4.21 
3.64 
0.21 
0.19 
 
0.041* 0.897 
Tilt NF 
F 
3.23 
2.72 
2.51 
2.29 
3.96 
3.15 
0.21 
0.19 
0.059 0.012* 
*p < 0.05  
   
Figure 5-2: Mean intra-observer variations for the scapular internal rotation for methods NF and F 
(n= 14).  
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Figure 5-3: Mean intra-observer variations for the scapular upward rotation for methods NF and F 
(n=14).   
The scapular tilt shows no significant difference in the intra-observer errors obtained 
using methods NF and F (Table 5-1). However, the interaction of the method and the 
abduction angle is significant, meaning that differences between the two methods are 
observed at specific abduction angles. To further investigate this interaction, multiple 
paired t-tests at 10° intervals were conducted to compare the intra-observer variations of 
methods NF and F at specific humerothoracic abduction angles, the results of the t-tests 
are shown in Table 5-2. The results show that the intra-observer variations of method F 
are in fact smaller than those obtained using method NF for abduction angles greater than 
100° (Table 5-2), this can also be clearly seen in Figure 5-4.  
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Table 5-2: Multiple paired t-tests comparing methods NF and F at specific abduction angles.  
Scapulothoracic 
rotation 
Humerothoracic abduction angle (°) Method 
(p-value) 
 
 
 
 
 
Tilt 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
0.456 
0.029* 
0.119 
0.668 
0.549 
0.961 
0.360 
0.248 
0.047* 
0.031* 
0.034* 
0.012* 
*p < 0.05  
 
 
Figure 5-4: Mean intra-observer variations for the scapular tilt for methods NF and F (n= 14). 
The results show that using feedback from the pressure sensors can help reduce the intra-
observer errors, and hence give more reliable measurements for the scapular 
internal/external rotation, upward rotation and scapular tilt (in high abduction angles). 
Although the differences between the intra-observer variations of the two methods is 
small (approximately 0.6°), the feedback from the pressure sensors gives on average      
15 - 20% improvement on the reliability of the measurements which may represent a 
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clinically significant change to movement when measuring small rotations such as the 
scapular internal/external rotation or tilt. Nevertheless, the intra-observer errors of the two 
methods are comparable to (Johnson et al., 1993; de Groot, 1997) or smaller than 
(Meskers et al., 1998b; van Andel et al., 2009) the results published in the literature 
(Section 2.3.2.2).  
Inter-observer Variations  
The inter-observer variations were calculated from the mean trials of each method for 
each of the three observers examining the same subject as explained in Figure 5-1. The 
results of the 14 subjects were combined for the statistical analysis and the analysis was 
carried out for the three scapulothoracic rotations. The results of the statistical test are 
shown in Table 5-3 which show that there is no difference in the inter-observer variation 
between the two methods for the three scapulothoracic rotations (Figure 5-5, Figure 5-6 
and Figure 5-7), meaning that using the feedback from the pressure sensors as in method 
F does not improve the inter-observer reliability of the measurements obtained. 
Table 5-3: Means, 95% confidence intervals, standard errors of measurements and p-values of the 
inter-observer variations for the three scapulothoracic rotations.  
95% 
Confidence 
interval  
Scapulothoracic 
rotations 
Method Mean 
inter-
observer 
variations 
(°) 
Lower 
bound 
Upper 
bound 
Standard 
error of 
measurements 
S.E.M 
Method 
(p-
value) 
Method*Angle 
(p-value) 
Internal/External 
rotation 
 
NF 
F 
5.70 
6.40 
4.58 
4.95 
6.83 
7.85 
0.52 
0.67 
0.266 0.612 
Upward rotation 
 
 
NF 
F 
7.05 
6.59 
4.91 
4.86 
9.20 
8.32 
0.99 
0.80 
0.521 0.058 
Tilt NF 
F 
4.88 
4.75 
3.42 
3.28 
6.34 
6.22 
0.68 
0.68 
0.740 0.121 
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Figure 5-5: Mean inter-observer variations for the scapular internal rotation for methods NF and F 
(n= 14). 
 
 
Figure 5-6: Mean inter-observer variations for the scapular upward rotation for methods NF and F 
(n= 14).  
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Figure 5-7: Mean inter-observer variations for the scapular tilt for methods NF and F (n=14).  
The mean inter-observer variations (Table 5-3) are much higher than the mean intra-
observer variations (Table 5-1), this was also reported in previous studies (Johnson et al., 
1993; Meskers et al., 1998b). However, the length of the sessions meant that it was not 
always possible to allow the three observers to test the subject during the same session 
and because of this, inter-session errors would have also contributed to the inter-observer 
variations shown in Table 5-3. Inter-session errors are caused by the palpation errors of 
other landmarks on the thorax and the humerus and changes to the plane of elevation. In a 
study by Meskers et al. (1998b) the inter-session variations of joint rotations were found 
to range from 4 - 8°. The inter-session errors will be discussed and assessed in greater 
detail in Chapter 6 and other sources of error will be discussed in Chapter 8.  
In general, the intra-observer and inter-observer variations seem to increase with the 
increasing angle of abduction; this is particularly evident in the scapular internal/external 
rotations (Figure 5-2 and Figure 5-5) and scapular tilt (Figure 5-4 and Figure 5-7), 
reflecting the difficulty of palpating the scapular landmarks at high abduction angles. This 
increase in the intra-observer errors with abduction is reduced when feedback from the 
pressure sensors is used as was shown previously (Figure 5-2, Figure 5-3  and          
Figure 5-4), however the feedback from the pressure sensors has no effect in reducing the 
high errors caused by the inter-observer variations at high abduction angles (Figure 5-5, 
Figure 5-6 and Figure 5-7).   
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The absence of improvement in the inter-observer variations using method F may suggest 
that observers introduce a consistent error to the measurements. In order to test this 
hypothesis a repeated-measures ANOVA test was used to investigate whether significant 
differences exist between observers, the test compares the measurements obtained by the 
three observers at humerothoracic angles of 30 - 140° at 10° interval and this was done 
for the three scapulothoracic angles. Because different observers participated in the two 
study groups (Section 5.3.1), the test was carried out for the two groups separately and the 
results of the statistical tests are shown in Table 5-4. 
Table 5-4: Significance values (p-values) for the scapulothoracic measurements obtained by 
observers.  
Scapulothoracic rotations Group 1 –  
Observers (p-value) 
Group 2 –  
Observers (p-value) 
Internal/External rotation 0.034* 0.007** 
Upward rotation 0.000** 0.004** 
Tilt 0.082 0.006** 
*p < 0.05 **p < 0.01 
The results of the ANOVA test (Table 5-4) clearly show that there is a significant 
difference between the measurements obtained by different observers, and this backs up 
the hypothesis that different observers introduce consistent errors to the measurements. It 
would therefore be advisable that for a single study, the scapular kinematics are obtained 
by one observer, so that comparisons between subjects are not influenced by the errors 
introduced by the operation of different observers.  
The inter-observer errors shown in Table 5-3 for the two methods are greater than those 
reported by Meskers et al. (1998b) which ranged from 4 - 5° and Barnett et al. (1999) 
which ranged from 3 - 4°. However, it is important to note that the inter-observer errors 
reported here included inter-session errors which were not present in the previous studies; 
this is likely to have increased the actual inter-observer error values. A quantification of 
the inter-session errors will be presented in Chapter 6.  
5.4.2  Kinematics 
The scapulothoracic rotations obtained using method NF and F were compared in order 
to examine the effect of unregulated pressures on the scapular physiological motion. The 
rotations for each subject were averaged and the results of the 14 subjects combined for 
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the statistical analysis. Table 5-5 shows the scapulothoracic rotations’ mean range of 
motion for humerothoracic abductions of 30 - 140°, the standard errors for the rotations 
and p-values from the statistical test.  
Table 5-5: Means of ranges of motion and rotations, 95% confidence intervals, standard errors of 
measurements and p-values for the three scapulothoracic rotations.  
95% 
Confidence 
interval  
Scapulothoracic 
rotations 
Method Mean 
range 
of 
motion 
(°) 
Mean 
rotation 
(°) 
Lower 
bound 
Upper 
bound 
Standard 
error of 
measurements 
S.E.M 
Method 
(p-
value) 
Method* 
Angle 
(p-value) 
Internal/ 
External 
rotation 
 
NF 
F 
8.11 
4.63 
37.18 
35.55 
32.84 
31.42 
41.52 
39.69 
2.01 
1.91 
0.014* 0.006** 
Upward 
rotation 
 
NF 
F 
45.53 
43.38 
37.29 
37.09 
 
32.24 
32.26 
42.34 
41.92 
2.34 
2.24 
0.792 0.115 
Tilt NF 
F 
4.19 
3.23 
-18.81 
-17.42 
-22.39 
-21.34 
-15.24 
-13.50 
1.66 
1.81 
0.018* 0.008** 
*p < 0.05 **p < 0.01 
The results shown in Table 5-5 indicate a difference between the methods in the 
measurements of the internal rotation and scapular tilt, but there is no difference between 
methods in the upward rotation measured. The interaction effect between the method and 
the angle is also significant for the internal rotation and tilt, meaning that this difference 
only occurs at specific abduction angles. To further investigate this, multiple paired t-tests 
were conducted for the two rotations for abduction angles of 30 - 140° at 10° intervals, 
and the results are shown in Table 5-6. 
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Table 5-6: Multiple paired t-tests comparing method NF and F at specific abduction angles for the 
scapular internal rotation and tilt.  
Scapulothoracic 
rotation 
Humerothoracic abduction angle (°) Method 
(p-value) 
 
 
 
 
 
Internal/External 
rotation  
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
0.734 
0.488 
0.915 
0.461 
0.089 
0.027* 
0.064 
0.042 
0.011* 
0.003** 
0.007** 
0.006** 
 
 
 
 
 
Tilt  
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
0.639 
0.126 
0.508 
0.206 
0.079 
0.089 
0.063 
0.084 
0.029* 
0.006** 
0.008** 
0.003** 
 *p < 0.05 **p < 0.01 
The results of the t-tests shown in Table 5-6 show that for both rotations the differences 
between the two methods occur at abduction angles greater than 100°, method NF 
measures more internal rotation (Figure 5-2) and less posterior tilt (i.e. greater anterior 
tilt) (Figure 5-4) at high angles of abduction than method F.  
From studying the operation of the observers during dynamic tracking, the difference 
between the two methods can be explained; during dynamic tracking observers use their 
fingers to track the movement of AA and AI and they tilt the locator so that the last probe 
is in contact with TS as explained in Section 3.5.2.2. Tracking TS becomes more difficult 
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during higher abduction angles, because the palpation of AA and AI also becomes more 
difficult giving the observer more to focus on when also tracking TS. When no feedback 
is used, as in method NF, observers would either put too little pressure on the third probe 
causing it to come on and off the landmark, or put too much pressure on the third probe to 
ensure that the probe is always in contact with the landmark, with the latter being the 
more common technique. Most observers applying high pressure on TS to ensure it is in 
constant contact with the landmark adopted a technique of also applying a high pressure 
on AA; this could have been influenced by the fact that all five observers were right-hand 
dominated and used their right-hand to both track AA and tilt the locator to be in contact 
with TS. If high pressures had an effect on the physiological shoulder motion, the high 
pressure on AA - if it had a greater magnitude than the pressure applied on TS - would be 
expected to internally rotate the scapula depending, and the relatively lower pressure on 
AI would anteriorly tilt the scapula; which is what is observed in method NF when 
compared to method F where the pressures on the three probes are maintained at low and 
equal levels, and the observers rely on the feedback to ensure that the TS probe is in 
contact with the landmark.  
Despite the significant differences shown between methods NF and F (Table 5-5,     
Table 5-6), these differences are small and they only occur at high abduction angles and 
there is clearly a high correlation between the kinematics obtained using the two methods 
as shown in Figure 5-2, Figure 5-3 and Figure 5-4. However, in some cases the 
measurements obtained using the two methods showed completely different kinematics. 
An example of this difference is shown in Figure 5-8 and Figure 5-9 where the figures 
show the scapular tilt of the same subject as measured by Observer 1 (Figure 5-8) and 
Observer 2 (Figure 5-9). The kinematics obtained using method F for both observers have 
the same pattern and are closer to the mean scapular tilt (Figure 5-4), the kinematics 
obtained using method NF on the other hand show two different patterns and seem to be 
exaggerated, this could either be caused by the probes coming off the landmarks as is 
most likely to have occurred with Observer 1 after 70° of abduction, or as a result of too 
much or unequal pressure levels on the scapula as in Observer 2 and Observer 1 towards 
the end of motion.  This highlights the importance of using feedback from the pressure 
sensors and the advantage of using method F over method NF. 
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Figure 5-8: Scapular tilt of subject A as measured by observer 1. The rotation measured by method 
NF seems to be exaggerated.  
 
Figure 5-9: Scapular tilt of subject A as measured by observer 2. The rotation measured using 
method F is closer to that measured by observer 1 using the same method.  
5.5  Summary 
As stated in Section 5.2, the aim of this study was to compare the scapula locator method 
when used on its own and when used with feedback from pressure sensors; the 
comparison focus is on the intra-observer and inter-observer reliability and the kinematics 
obtained using the two methods.  
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Using the locator with feedback from the pressure sensors is found to reduce the intra-
observer errors for the scapular internal rotation, upward rotation and tilt (in high 
abduction angles), but does not have an effect on the inter-observer errors.  
Different kinematics are also measured using the two methods, using the locator on its 
own measures greater scapular internal rotation and anterior tilt towards the end of the 
abduction range, this could be caused by the unregulated pressures applied on the probes, 
particularly the TS probe as the observers rely on their feel to dynamically track the TS 
when no reference to the feedback from the pressure sensors is used.  
The reliability of the new locator method has been tested in this chapter. In Chapter 6 the 
inter-session variations - which have contributed to the inter-observer variations presented 
in this study - are quantified.  
 
  
  
 
 
 
 
 
 
Chapter 6  
Study III ― The Repeatability of the New 
Scapula Locator Method 
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6.1  Introduction 
A number of errors contribute to the variations in the measurements obtained using the 
scapula locator method, these errors include the equipment calibration errors, palpation 
errors, differences in the subject movement also referred to as motor noise and differences 
in the bone morphology between subjects (de Groot, 1997; Anglin and Wyss, 2000).    
The palpation errors caused by the manual handling of the locator by the observers have 
been quantified in Chapters 4 and 5, however the palpation errors are not restricted to the 
use of the locator and they also include the errors caused by the palpation and the 
placement of markers on the landmarks of the thorax and the humerus. Even though 
during a measurement session the largest portion of the palpation errors is caused by the 
operation of the scapula locator, when measurements from different sessions are 
compared errors caused by the replacement of markers/sensors on the thorax and the 
humerus are expected to have a significant effect on the kinematics obtained. This 
contributes to the differences in the measurements between the two sessions which is also 
referred to as inter-session errors. Motor noise caused by changes in the subject’s 
movement between sessions also contributes to the inter-session variations, these 
variations could be caused by changes in the plane of elevation or the axial rotation of the 
humerus or when the same arm position is achieved using different muscle forces 
contributions (de Groot, 1997).  
These errors are important in clinical studies particularly when measurements from the 
same subject are obtained before and after treatments or rehabilitation (Roy et al., 2009; 
Fitoussi et al., 2009). Hence, it is important for the measurements obtained by a method 
to be repeatable across sessions and for the inter-session errors to be quantified.  
6.2  Aim and Objectives  
The aim of this study is to investigate the repeatability of the new scapula locator method 
(Chapter 3). In order to do so, scapular measurements of a group of subjects obtained by 
the same observer in two measurement sessions are compared, with the sessions being 
approximately six months apart. 
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In the first session, the observer tracks the subject’s scapula using method F (described in 
Section 4.2) for three consecutive trials, and in the second session the same observer uses 
the same method to track the scapula for three consecutive trials. The kinematics obtained 
during the two sessions are compared and the differences are regarded as inter-session 
errors.   
6.3  Materials and Method 
6.3.1  Study Population 
A total of 7 male subjects participated in the study with a mean age of 25.71 ± 1.70 
(standard deviation) years at the second session, subjects were recruited 
 from Imperial College London Bioengineering department. One observer used the 
scapula locator to obtain scapular measurements. Each subject was measured in two 
sessions with the sessions being approximately six months apart. Table 6-1 show the days 
between the two sessions for the 7 subjects.  
Table 6-1: Days between the two sessions for all subjects.  
Subject Days between sessions 
1 
2 
3 
4 
5 
6 
7 
164 
164 
170 
179 
185 
143 
178 
Subjects included in the study had a fully functional shoulder as assessed by the OSS 
(Dawson et al., 2009) and had no history of shoulder pain or a previous clinical 
intervention on the shoulder. None of the subjects had any shoulder injuries or pain 
between the two sessions, neither did they have any major changes in their daily 
activities.  
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6.3.2  Equipment and Instrumentation 
The same equipment used in Study I (Chapter 4) was used in this study. An optical 
motion tracking system was used to track reflective markers attached to landmarks on the 
thorax and the humerus (Figure 4-5). The observer used the scapula locator and feedback 
from pressure sensors to track the scapula during movement as described in Section 
3.5.2.2. A detailed description of the equipment is provided in Section 4.3.2.  
6.3.3  Subject and Laboratory Setup 
A bilateral elevation in the scapular plane is the primary movement in the study. The 
subject followed a track on the floor and the wall using a laser pointer attached to the 
forearm as explained in Sections 4.3.3 and 4.3.4.  
6.3.4  Experimental Protocol 
The same experimental protocol was carried out for Sessions 1 and 2, and is as follows: 
1. A static trial of the marker setup (Section 4.3.5). 
2. A static trial to digitise the LE position (Section 4.3.5). 
3. A static trial to digitise the ME position (Section 4.3.5). 
4. A trial to estimate the GH position (Section 4.3.5). 
5. Three consecutive trials of bilateral abduction with the observer tracking the 
scapula using the scapula locator and feedback from the pressure sensors – 
method F.  
For each subject, the same protocol was repeated in a second session with the same 
observer measuring the scapular movement. All measurements were completed by a 
single observer. 
6.3.5  Data Analysis 
Most of the data analysis was completed in the same way as in Study I (Section 4.3.6). 
The LE and ME positions were found as described in Section 4.3.6.1. The GH position 
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was estimated using the least-square algorithm of Gamage and Lasenby (2002) and 
explained in Section 4.3.6.2. 
The co-ordinate frames for the thorax, humerus and scapula were defined according to the 
ISB recommendations (Wu et al., 2005) and as described in Section 4.3.6.4. Euler 
rotations (Appendix B) were used to calculate joint rotations, the glenohumeral and 
humerothoracic rotations were calculated using a sequence of x-z’-y’’ (abduction, flexion, 
axial rotation), while scapulothoracic rotations were calculated using a sequence of         
y-x’-z’’ (internal rotation, upward rotation, tilt) as described in Section 4.3.6.5. The 
scapulothoracic rotations were then normalised against the humerothoracic abduction 
angles, and the data points corresponding to specific humerothoracic angles were 
interpolated to allow comparisons between the two trials. 
In order to test the agreement between the two methods, the standard deviation between 
the measurements obtained from the two sessions was calculated and a statistical analysis 
used to test the relationship between the measurements obtained from the two sessions.  
6.3.5.1  Statistical Analysis 
Intra-class correlation coefficient (ICC) (two-way random model) was used to test the 
agreement between the scapular measurements obtained between the two sessions 
(McGraw and Wong, 1996). This test is used in a number of repeatability studies in 
biomechanics and gives information about the agreement between the measurements 
taken of the same entity (van der Linden et al., 2008; Curtis et al., 2009). ICC values 
were calculated at specific angles of humerothoracic abduction as well as for the whole 
range of motion for the three scapulothoracic rotations. This was carried out using SPSS 
(version 16.0, Chicago, USA).   
6.4  Results and Discussion 
6.4.1  Inter-session Variations 
To investigate the repeatability of the method, the standard deviation between the mean 
measurements of the two sessions was calculated. This value represents the differences 
between the kinematics obtained from the same subject in two different sessions and can 
be referred to as inter-session variations (errors). Table 6-2 and Figure 6-1, Figure 6-2 and 
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Figure 6-3 show the mean inter-session variations when compared to the intra-observer 
variations during Sessions 1 and 2.  
Table 6-2: Mean intra-observer and inter-session variations for the three scapulothoracic rotations.  
Scapulothoracic 
rotations 
Session Mean intra-observer 
variations (°) 
Mean inter-session 
variations (°) 
Internal/External 
rotation 
1 
2 
 
2.96 
1.98 
4.29 
 
Upward rotation 1 
2 
 
2.60 
2.60 
6.76 
Tilt 1 
2 
2.69 
1.45 
2.95 
 
Figure 6-1: Means, intra-observer variations for Sessions 1 and 2 and inter-session variations for the 
scapular internal rotation (n=6).  
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Figure 6-2: Means, intra-observer variations of Sessions 1 and 2 and inter-session variations for the 
scapular upward rotation (n=6).  
 
 
Figure 6-3: Means, intra-observer variations and inter-session variations for the scapular tilt (n=6).  
The intra-session variations shown in Table 6-2 are considerably greater than the intra-
observer errors for the internal/external (Figure 6-1) and upward rotation (Figure 6-2). 
However, these values are comparable to the inter-observer variations shown in        
Table 5-3 which were 6.40° for internal/external rotation, 6.59° for upward rotation and 
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4.75° for scapular tilt.  This is not surprising as the inter-observer variations presented in 
Chapter 5 included inter-session errors because it was not always possible for the three 
observers to take the measurements during the same session (Section 5.3.4).  
There is little information in the literature about the inter-session variations of the scapula 
locator method; essentially the only study that has reported inter-session errors of the 
scapula locator is that of Meskers et al. (1998b). In the study by Meskers et al. (1998b) 
the inter-session errors are reported for the segmental rotations of the thorax, scapula and 
humerus, but the scapulothoracic rotation errors are not reported. Meskers et al. (1998b) 
reported inter-session thoracic rotation errors ranging from 1.8° to 3.4° and scapular 
rotation errors ranging from 2.8° to 4.0° for humeral abduction in the scapular plane. It is 
therefore possible that with the inclusion of the errors from the thorax and the scapula the 
scapulothoracic errors obtained would have been of similar magnitudes to those reported 
in this study.  
6.4.2  Correlation Coefficients 
Table 6-3 shows the intra-class correlation coefficients (ICC) and the correlation p-values 
for the three scapular rotations at 30°, 60°, 90°, 120° and 140° of humerothoracic 
abduction and for the entire range of motion (RoM).  
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Table 6-3: Correlation coefficients, 95% confidence intervals and p-values for the three scapular 
rotations at specific humerothoracic abduction angles and RoM.  
95% Confidence 
interval 
Scapulothoracic 
rotations 
Humerothoracic 
abduction (°) 
Correlation 
coefficients 
ICC Lower 
bound 
Upper 
bound 
 Correlation 
 p-value 
Internal/External 
rotation 
30 
60 
90 
120 
140 
RoM 
 
0.830 
0.745 
0.751 
0.541 
0.403 
0.547 
0.232 
0.223 
0.239 
-0.569 
-1.290 
-0.803 
0.977 
0.978 
0.949 
0.949 
0.927 
0.947 
0.005** 
0.017* 
0.016* 
0.083 
0.161 
0.080 
Upward rotation 30 
60 
90 
120 
140 
RoM 
 
-0.225 
0.090 
-0.051 
0.074 
0.153 
0.778 
-2.277 
-0.959 
-1.214 
-0.638 
-0.489 
0.275 
0.639 
0.808 
0.717 
0.771 
0.814 
0.979 
0.805 
0.378 
0.579 
0.377 
0.257 
0.011* 
Tilt 30 
60 
90 
120 
140 
RoM 
0.991 
0.985 
0.990 
0.976 
0.959 
-0.073 
0.986 
0.964 
0.985 
0.955 
0.893 
-3.552 
0.999 
0.998 
0.998 
0.996 
0.994 
0.866 
0.000** 
0.000** 
0.000** 
0.000** 
0.000** 
0.568 
*p < 0.05 **p < 0.01 
The ICC values for the scapular internal/external rotation indicate a high correlation 
between the measurements of the two sessions for humerothoracic abduction angles 
smaller than 90° and these correlations are significant at p < 0.05. At angles greater than 
90°, for the internal/external rotation RoM the correlation coefficients are only moderate 
(Table 6-3). This decrease in the correlation between the measurements of two sessions at 
high angles could be due to the increase in the difficulty of palpating the scapular 
landmarks beyond 90° as also reflected by the palpation errors (Section 5.4).  
Table 6-3 show very low or no correlation for the scapula upward rotation between the 
two sessions for the specific humerothoracic abduction angles, this is a surprising result 
because the upward rotation is the greatest scapulothoracic rotation during abduction. 
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However, the correlation for the RoM of the upward rotation is high and significant at     
p < 0.05 indicating that, although the measurements are different at specific 
humerothoracic abduction angles, the overall RoM of the two sessions are related, and the 
method is therefore able to distinguish between variations in the upward rotation RoM of 
different subjects.  
The correlation coefficients for the scapular tilt for all angles of humerothoracic 
abductions are high and significant at p < 0.01 and the inter-session variations shown in 
Table 6-2 for the scapular tilt are smaller than the intra-observer variations reported in 
previous studies during a single measurement session (de Groot, 1997; Meskers et al., 
2007). This is a promising result, because measurements of the scapular tilt to date have 
been associated with high errors compared to the range of motion and have sometimes 
been considered to be unreliable for clinical interpretation (Karduna et al., 2001; van 
Andel et al., 2009).  The lack of correlation in RoM between the two measurements is 
probably due to the rotations being of very small magnitudes, which means that slight 
variations between the measurements have a significant effect on the RoM of the scapular 
tilt.  
6.5  Summary 
The aim of this chapter was to test the inter-session repeatability of the new scapula 
locator method. Scapular measurements of the same subject group were obtained in two 
sessions, with the sessions being approximately six months apart. Standard deviations 
between the scapular measurements of the two sessions as well as intra-class correlation 
coefficients were used to test the repeatability of the method.   
The inter-session variations of the upward rotation were of similar magnitudes to the 
inter-observer variations presented in Chapter 5, and the internal rotation and tilt were 
smaller than the inter-observer variations. The inter-session values for the three 
scapulothoracic rotations were however greater than the intra-observer variations. This 
result is expected, because the inter-observer variations presented in Chapter 5 included 
inter-session errors while intra-observer variations were calculated from the 
measurements of a single session.   
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The internal/external rotation measurements were found to be highly correlated in 
abduction angles smaller than 90°; beyond 90° the measurements were only moderately 
correlated. The upward rotation measurements of the two sessions were found not to be 
correlated but the RoM of the upward rotation were highly correlated. The scapular tilt 
measurements were also found to be highly correlated and the inter-session errors of the 
scapular tilt were considerably small compared to measurements obtained during the 
same session in previous studies. 
The results suggest that the new scapula locator method is able to give repeatable 
measurements of the scapular tilt for the full range of abduction, and of the 
internal/external rotation at abduction angles smaller than 90° while beyond 90° the 
method still gives internal/external rotation measurements of acceptable reliability 
compared to previous scapula measurement methods. The upward rotation measurements 
of the method are highly affected by day-to-day errors, and a clinical interpretation of the 
upward rotation measurements taken over a number of sessions should only be based on 
RoM.  
The inter-session errors reported in this chapter are likely to be caused by palpation errors 
as well as variations in the subjects’ movements between the two sessions (motor noise). 
The laboratory setup described in Section 4.3.4 aimed to reduce the errors caused by 
motor noise within a single session. However, when the measurements are obtained from 
two different sessions, differences in the subject’s posture, plane of elevation and humeral 
axial rotation between the two sessions are not controlled for and hence are likely to 
increase motor noise. Some of these errors could have been reduced by adding further 
constraints to the subject’s movement such as maintaining a correct posture and a certain 
humeral axial rotation during elevation. This was not carried out in this study; the errors 
reported here may therefore be higher than in some clinical studies where some of these 
variations are controlled.  
In Chapters 4 - 6 the new scapula locator method was tested, and the reliability and 
repeatability of the method have been quantified. In Chapter 7 the method is used to test 
and validate the recently described acromial tracker method.  
 
 
  
 
 
 
 
 
 
Chapter 7  
Study IV ― The Acromial Tracker:            
a Clinical Alternative
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7.1  Introduction 
A skin-based technique involving the attachment of a single sensor on the acromion to 
measure the scapular kinematics was introduced by McQuade and Smidt (1998). The 
technique has been used in a number of studies to directly measure the scapular 
kinematic. Its accuracy has been tested compared to bone-based and scapula locator 
methods (Section 2.3.2.1). 
This technique involves the placement of an acromial tracker, which is a single sensor or 
a cluster of markers in the case of an optical motion system, on the acromion to measure 
the scapula orientation. The acromion was selected because it is thought to be the area on 
the scapula least vulnerable to errors caused by skin and soft tissue displacements 
(Section 2.3.2.1). The method has many advantages over the scapula locator method such 
as its ease when used as a dynamic device and reducing the recording time. However, 
these advantages are overshadowed by the relatively low accuracy of the device 
compared to the scapula locator method; high errors are caused by the displacement of 
skin over the acromion region and are particularly evident in high elevation angles 
(beyond 100°) and at the end-of-range (Sections 2.3.2.1 and 3.4). 
Furthermore, the device is sensitive to where it is placed on the acromion. However, it is 
still unclear what the best position for the placement of the acromial tracker is. Although 
the device is usually fixed to what is described as the flat surface of the acromion, some 
studies suggest that it should be placed just above the most latero-caudal point of the 
acromion (the acromial angle) (Karduna et al., 2001; Meskers et al., 2007), whilst a 
recent study found the anterior edge of the acromion the least prone to skin-to-bone 
displacements as measured by MR imaging (Matsui et al., 2006).  
In order to reduce the errors caused by the skin displacement and device replacement, 
Meskers et al. (2007) suggested the calibration of the device with the scapula locator at 
the start or end of an experiment. This recommendation was followed by van Andel et al. 
(2009) who calibrated the device only with the shoulder at the anatomical position; high 
errors for the scapular tilt were found (Section 2.3.2.1).  
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7.2  Aim and Objectives 
The aim of this study is to improve the accuracy of the acromial tracker, which would 
allow the use of the device as an alternative to the scapula locator method to obtain 
scapular measurements in clinical and sport-related studies where the comfort of the 
subject or the speed of the activity are prioritised over the accuracy of the measurements 
obtained. In this study two main points related to the accuracy of the device are 
investigated:  
• Finding the optimal position on the acromion for the device placement which is the 
position on the acromion least prone to skin-to-bone displacement.  
• Finding the optimal shoulder orientation during the calibration of the acromial tracker.  
In order to achieve this, measurements of the scapula are to be taken with the acromial 
tracker and the scapula locator method – method F – (Section 4.2) simultaneously. Since 
the scapula locator method is the most accurate non-invasive measurement technique of 
measuring the scapula movements, measurements from the locator are considered to be 
the ground truth and differences between the two methods are errors of the acromial 
tracker method. The measurements are taken for three consecutive trials of bilateral 
abduction in the scapular plane for each position on the acromion, and the calibration of 
the acromial tracker is done as part of the post-processing analysis.  
The analysis is also completed separately for angles within the functional range of 
performing activities of daily living (≤ 90°) and for high elevation angles (> 90°), this 
would allow the proposal of a position and a calibration angle that depends on whether 
the movements investigated in a study occur in the functional range, at the end-of-range 
or if the study involves a combination of both movements and measurements of overall 
ranges of motion.   
7.3  Materials and Methods 
7.3.1  Study Population 
A total of 7 male subjects from Imperial College London Bioengineering department 
participated in the study with a mean age of 23.9 ± 3.9 (standard deviation) years, and one 
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observer obtained the scapular measurements. All the subjects included in the study had a 
fully functional shoulder as assessed by the OSS (Dawson et al., 2009) and had no history 
of shoulder pain or a previous clinical intervention on the shoulder as in Study I (Section 
4.3.1).  
7.3.2  Equipment and Instrumentation 
The equipment used in this study was the same as in Study I (Section 4.3.2), with the 
addition of the acromial tracker. An optical motion tracking system was used to track 
reflective markers attached to relevant landmarks. The scapula locator with feedback 
from the pressure sensors was used by an observer to track the movement of the scapula. 
A laser pointer was attached to the forearm and was used to follow a track on the floor 
and the wall to maintain a constant plane of elevation and a metronome giving an audible 
prompt at 1 Hz was used to help the subjects maintain a constant velocity during 
elevation.  
Acromial Tracker 
The acromial tracker had to be adapted to allow the measurements of 3D angular rotations 
in an optical motion tracking system, for this reason a minimum of three reflective 
markers were used (this is equivalent to a single sensor when electromagnetic systems are 
used) . The custom-designed tracker was made of a plastic base (16mm x 16mm) and 
three reflective markers (9mm in diameter) were attached to the end of three rods fixed to 
the base. One of the rods is mounted vertically and the other two are mounted at 45° 
inclination from the vertical axis, this was done to increase the stability of the cluster and 
minimise tipping (Figure 7-1). The assembly is made very light in weight (4.5g) to avoid 
possible effects on the kinematics of the scapula. A detailed engineering drawing of the 
designed acromial tracker is given in Appendix C.  
The acromial tracker was attached to the acromion (Figure 7-2) in one of the positions 
shown in Figure 7-4 to measure the scapular kinematics; all three positions were tested as 
will be explained in the experimental protocol (Section 7.3.4). 
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Figure 7-1: Light-weight acromial tracker. The 
tracker is made of a plastic base which holds 
three reflective markers 9 mm in diameter. 
 
Figure 7-2: Acromial tracker attached to 
subject’s acromion. The tracker is subject to 
errors caused by skin displacements and muscle 
bulging. 
7.3.3  Subject and Laboratory Setup 
The laboratory setup used was the same as that used in Study I (Sections 4.3.3 and 4.3.4). 
The subject marker setup was the same as in Study I (Figure 4-5 and Table 4-1) with the 
addition of the acromial tracker which holds three markers as shown in Table 7-1 and 
Figure 7-3. 
Table 7-1: Acromial tracker markers. The markers are attached to the acromial tracker as shown in 
Figure 7-3.  
Segment Marker / 
Landmark 
Description 
TM Medial – acromial tracker 
TC Centre – acromial tracker 
Acromial Tracker 
TL Lateral – acromial tracker 
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Figure 7-3: Posterior view of subject with attached acromial tracker. The tracker is used in addition 
to the marker setup shown in Figure 4-5, where TM, TC and TL are the medial, centre and lateral 
markers of the acromial tracker respectively.  
7.3.4  Experimental Protocol 
The experimental protocol was setup to satisfy the objectives stated in Section 7.2, which 
are to find the best position of attachment on the acromion and the best shoulder 
orientation during calibration of the acromial tracker. 
In order to do this, three attachment positions on the acromion were tested (Figure 7-4, 
Figure 7-5 and Figure 7-6):  
• Position A – near the anterior edge of the acromion. This position was suggested by 
Matsui et al. (2006).  
• Position B – just above the acromial angle or the most latero-caudal point of the 
acromion. The position has been used in most of the previous studies using the 
acromial tracker method (Karduna et al., 2001; Meskers et al., 2007).  
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• Position C – the meeting point between the acromion and the spine of the scapula. To 
the knowledge of the author this position has not been described or tested in any 
previous studies (Section 2.3.2.1).  
 
Figure 7-4: Acromial tracker attachment 
positions on acromion. Position A is near the 
anterior edge, Position B is above the acromial 
angle and Position C is the start of the spine of 
the scapula. 
 
Figure 7-5: Acromial tracker attachment 
positions on the acromion and scapula locator 
contact points. The white circles are attachment 
positions A, B and C on the acromion and the red 
circles (AA, TS and AI) are the contact points 
with the scapula locator – adopted from Schuenke 
et al (2006). 
 
Figure 7-6: Acromial tracker attached to Positions A, B and C at approximately 90° elevation.  
Each of these acromion positions was tested according to the following protocol: 
1. A static trial of the marker setup (Section 4.3.5). 
A B C 
A 
B C 
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2. A static trial to digitise the LE position (Section 4.3.5). 
3. A static trial to digitise the ME position (Section 4.3.5). 
4. A trial to estimate the GH position (Section 4.3.5). 
5. Three consecutive trials of bilateral abduction with the observer tracking the 
scapula using the scapula locator (method F) and with the acromial tracker 
attached to Position A, B or C on the acromion.  
Once the acromial tracker was placed on a certain position on the acromion it was not 
replaced until all three trials were completed.  The acromial tracker and the scapula 
locator were used simultaneously in order to make sure that differences between the two 
measurements obtained were not caused by motor noise but were due to measurement 
errors alone.  
Step 5 of the protocol was repeated for the two other positions during the same session.  
7.3.5  Data Analysis 
Most of the data analysis was done in the same way as in Study I; the calibration of the 
LE and ME and the estimation of the GH points were completed in the same way 
described in Sections 4.3.6.1 and 4.3.6.2; the locator markers were transferred to the 
plane of the scapula as described in Section 4.3.6.3. The co-ordinate frames for the 
thorax, humerus and scapula were defined as described in Section 4.3.6.4. Euler rotations 
were used to calculate the humerothoracic and the glenohumeral rotations in the sequence 
of x-z’-y’’ (abduction, flexion, axial rotation), while scapulothoracic rotations were 
calculated using a sequence of y-x’-z’’ (internal rotation, upward rotation, tilt) as 
described in Section 4.3.6.5.  
7.3.5.1  Calibration of the Acromial Tracker 
The calibration of the acromial tracker with the tripod has been suggested by Meskers et 
al. (2007) in order to reduce errors caused by the positioning of the acromial tracker. This 
calibration was carried out by van Andel et al. (2009) at the anatomical position but high 
errors were still found particularly for the scapular tilt and for elevations higher than 
100°.  
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Because the dynamic tracking of the scapula with the scapula tracker was used 
simultaneously with the acromial tracker, the correct positions of the scapular landmarks 
as measured by the locator were available in all the humerothoracic angles of abduction. 
However,  the calibration of the acromial tracker was carried out in five elevation angles: 
at no abduction and at 30°, 60°, 90° and 120° of humerothoracic abduction as shown in 
Figure 7-7.  
 
 
Figure 7-7: Shoulder orientations during calibration of acromial tracker.  
In order to obtain the exact positions of AA, TS and AI during these abduction angles, the 
first humerothoracic Euler rotation (Section 4.3.6.3) was used to find the frames at which 
these exact abduction angles occurred The positions of the scapular markers (AA, TS, and 
AI) in these frames were then defined relative to a co-ordinate frame on the acromial 
tracker. The calibration procedure described below is at the anatomical position (no 
abduction).  
Firstly, a co-ordinate frame for the acromial tracker was defined using the markers TM, 
TC and TL (Table 7-1 and Figure 7-3), and is as follows: 
oa: The origin coincides with TC. 
no abduction 30° 60° 
90° 120° 
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za: The line connecting TL and TM, pointing towards TL.  
( ) ( )TMTLTMTLza −−= /             eq. 7.1 
xa: The line perpendicular to the plane formed by TL, TC and TM, pointing forward.   
( ) ( )( ) ( ) ( )( )TLMTMTCTLTLTMTCTLxa −×−−×−= /        eq. 7.2 
ya: The line perpendicular to the xa and za axes, pointing upward.  
aaa xzy ×=                    eq. 7.3 
A transformation matrix from the global frame to the frame of the acromial tracker was 
formed as follows (Winter, 2005): 
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T              eq. 7.4 
At the anatomical position (no abduction) humerothoracic abduction, the positions of the 
AA, TS and AI markers were transformed to the acromial tracker co-ordinate frame as 
shown in the following equations:  
( ) aaa ToAAAA −=          eq. 7.5 
( ) aaa ToTSTS −=          eq. 7.6 
( ) aaa ToAIAI −=          eq. 7.7 
The vectors AAa, TSa and AIa defined relative to the acromial tracker co-ordinate frame 
and were then used to define a second scapular co-ordinate frame (in addition to the one 
described in Section 4.3.6.3). The co-ordinate frame defined in the same way as the 
scapular frame described in Section 4.3.6.3 but using the transformed scapular markers 
AAa, TSa and AIa instead of the AA, TS and AI, and it is as follows:  
os2: The origin coincides with AAa. 
zs2: The line connecting TSa and AAa, pointing towards the right (AAa).  
 ( ) ( )aaaas2 TSAATSAAz −−= /         eq. 7.8 
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XS2: The line perpendicular to the plane formed by AAA, TSA and AIA, pointing forward.   
( ) ( )( ) ( ) ( )( )aaaaaaaas2 TSAIAIAATSAIAIAAx −×−−×−= /         eq. 7.9 
ys2: The line perpendicular to the xs2 and zs2 axes, pointing upward.  
   s2s2s2 xzy ×=  eq. 7.10 
Figure 7-8(a) shows the calibration of the acromial tracker at the anatomical position (no 
abduction); the positions of AAa, TSa and AIa were defined by transforming the positions 
of AA, TS and AI to the acromial tracker co-ordinate frame using eq. 7.5, eq. 7.6 and    
eq. 7.7, where positions AA, TS and AI were measured directly using the scapula locator. 
At the position of calibration (the anatomical position) the two scapular co-ordinate 
frames coincide, however, as the subject abducted his arm, the markers defined relative to 
the acromial tracker (in blue) move differently to the ones measured using the scapula 
locator (in red) as shown in Figure 7-8(b).  Therefore the two co-ordinate frames measure 
slightly different scapular rotations and the differences in the rotations calculated using 
the two scapular co-ordinate frames are the errors of the acromial tracker method caused 
by skin and soft-tissue displacements. These errors were calculated for each rotation by 
subtracting the scapulothoracic rotation calculated using the scapula co-ordinate frame 
formed by AA, AI and TS from the rotation calculated using the second scapula co-
ordinate formed using AAa, TSa and AIa.  The error in measuring the scapular internal 
rotation was calculated using eq. 7.1, and the errors in measuring the scapular upward 
rotation and tilt were calculated in the same way.   
ss θθεθ −= 2             eq. 7.11 
The sign of the error would indicate if the acromial tracker was underestimating 
(negative) or overestimating (positive) the scapular rotation. But in addition to these error 
values, root-mean-square-errors (RMSE) were calculated and used for the statistical 
analysis (Section 7.3.5.2). The RMSE value for the scapular internal rotation was 
calculated according to eq. 7.12, and the RMSE values for the scapular upward rotation 
and tilt were calculated in the same way.  
∑=
N
iN
RMSE
21
θθ ε            eq. 7.12 
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This calibration procedure was repeated for humerothoracic angles of 30°, 60°, 90° and 
120° for each trial. This gave a total of six co-ordinate frames for the scapula, five of 
which were defined relative to the acromial tracker for the different calibration angles (no 
abduction, 30°, 60°, 90°, 20°) and the reference scapular co-ordinate frame was the one 
defined using the direct measurements of the scapula locator method for positions AA, TS 
and AI.  
 
Figure 7-8: Calibration of acromial tracker at the anatomical position. The acromial tracker co-
ordinate frame is shown in black, the  red circles are the positions of the scapular landmarks 
measured by the scapula locator and defining the scapular co-ordinate frame in red (reference 
frame), the blue markers are the scapular markers defined relative to the acromial tracker co-
ordinate frame (in black) and defining the scapular co-ordinate frame in blue.  (a) position of 
calibration at no abduction, where the two co-ordinate frames coincide, (b) during abduction, the 
errors of the acromial tracker cause differences between the rotations of the two co-ordinate frames.  
7.3.5.2  Statistical Analysis 
For the statistical analysis, differences between the scapula locator and the acromial 
tracker methods were used to calculate the root-mean-square-errors (RMSE). The RMSE 
values were averaged for low elevation angles (≤ 90°) and for high elevation angles 
(> 90°) for all position and calibration angle combinations, and repeated-measures 
ANOVA tests were carried out using SPSS (version 16.0, Chicago, USA) for the two 
ranges of abduction (≤ 90° and > 90°) separately, and this was completed for the three 
scapulothoracic angles. 
a b 
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7.4  Results and Discussion 
In order to find the position of attaching the acromial tracker and the calibration angle 
that gives the highest accuracy, the RMSE values were used for all combinations of 
position and calibration angle in a repeated-measures ANOVA test. The RMSE values 
were averaged for humerothoracic elevations below 90° and for elevations higher than 
90° for the three scapulothoracic rotations and the results are given below. 
Internal Rotation 
The mean RMSE values for the scapular internal rotation are shown in Table 7-2 and the 
errors are plotted in Figure 7-9.   
Table 7-2 shows that the accuracy of the acromial tracker is significantly (p < 0.05) 
affected by the elevation angle during calibration and that there is no significant 
difference between the positions A, B and C during calibration. However, the standard 
errors of the RMSE values are smaller for Position C than the two other positions of 
attachment (A and B) particularly for the high elevation range; these high standard errors 
for positions A and B are caused by the differences between subjects, meaning that while 
some subjects showed much higher errors for these positions, some were less prone to 
skin displacements. Nevertheless, the averages of the errors for all subjects plotted in 
Figure 7-9 show that in general despite the calibration angle, Position C seem to give 
smaller error values than A and B, with A giving very high errors beyond 100° of 
humerothoracic elevation.  
Table 7-2 also shows that for elevations below 90°, the calibration angle of 60° gives the 
smallest RMSE values (< 3°) for the three positions of attachment and calibrating at 90° 
also gives small (< 3°) RMSE  in Position C. In higher elevations, the errors are higher, 
but calibrating at 120° gives relatively small errors (< 5°) for the three positions of 
attachment, and 90° in Position C also gives low errors (< 5°).   
Figure 7-9 shows that the acromial tracker underestimates the scapular internal rotation as 
indicated by the negative errors i.e. overestimates the external rotation. Calibrating at 
high elevation angle results in an initial overestimation of the internal rotation, however 
the overestimation errors are generally smaller than the underestimation errors caused by 
calibrating at low elevation angles, this is particularly evident in Position A (Figure 7-9).  
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Table 7-2: Mean RMSE values, 95% confidence intervals, standard error of measurements and p-
values for the scapular internal rotation.  
95% Confidence 
intervals 
Range 
 of 
abduction 
Position  Calibration angle  Mean 
RMSE 
(°) 
Lower 
bound 
Upper 
bound 
Standard 
error  
S.E.M 
Position 
(p-value) 
Angle 
 (p-value) 
Position * 
Angle 
 (p-value) 
A No abduction 
30° 
60° 
90° 
120° 
6.40 
3.79 
2.60 
3.65 
6.28 
3.64 
2.29 
1.71 
2.14 
2.69 
9.17 
5.29 
3.49 
5.15 
9.87 
1.13 
0.61 
0.37 
0.61 
1.47 
B No abduction 
30° 
60° 
90° 
120° 
4.19 
3.14 
2.35 
3.46 
6.30 
2.67 
2.10 
1.74 
2.76 
4.69 
5.716 
4.191 
2.970 
4.157 
7.912 
0.62 
0.43 
0.25 
0.29 
0.66 
≤ 90° 
C No abduction 
30° 
60° 
90° 
120° 
3.59 
3.01 
2.11 
2.48 
5.27 
2.15 
1.94 
1.52 
1.56 
2.84 
5.03 
4.09 
2.71 
3.40 
7.70 
0.59 
0.44 
0.24 
0.38 
0.99 
0.322 0.001** 0.314 
A No abduction 
30° 
60° 
90° 
120° 
24.18 
21.91 
19.15 
12.71 
4.39 
-0.19 
0.63 
1.59 
0.78 
2.04 
48.55 
43.20 
36.71 
24.66 
6.73 
9.96 
8.70 
7.18 
4.88 
0.96 
B No abduction 
30° 
60° 
90° 
120° 
13.59 
13.90 
12.91 
9.52 
4.43 
4.18 
4.84 
6.44 
5.83 
2.87 
22.99 
22.95 
19.38 
13.21 
5.99 
3.84 
3.70 
2.65 
1.51 
0.64 
> 90° 
 
C No abduction 
30° 
60° 
90° 
120° 
9.17 
8.84 
6.99 
4.62 
3.18 
5.46 
5.18 
4.84 
2.22 
1.64 
12.89 
12.49 
9.14 
7.02 
4.71 
1.52 
1.49 
0.88 
0.98 
0.63 
0.235 0.015* 0.248 
*p < 0.05 **p < 0.01 
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Figure 7-9: Acromial tracker errors for the scapular internal rotation. The errors are shown for 
positions A, B and C and for calibrations at no abduction and 30°, 60°, 90° and 120° of 
humerothoracic abduction.   
Internal Rotation 
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Position B 
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Upward Rotation 
Table 7-3 show the mean RMSE values for the scapular upward rotation and the errors of 
the acromial tracker method for the three positions and five calibration angles are shown 
in Figure 7-10.   
Figure 7-10 clearly shows that Position C is the best position of placing the acromial 
tracker despite the calibration angle; this is also reflected by the p-values (p < 0.01) 
shown in Table 7-3. There is also a significant change between the calibration angles  
(p < 0.01).  The interaction between the position and the calibration angle in the low 
elevation range is also significant, suggesting that the difference between the calibration 
angles is not consistent through all three positions; this is also reflected by the RMSE 
values shown in the table and the errors shown in Figure 7-10 . 
In low elevations, calibrating at 60° gives the smallest RMSE values for positions A 
(< 5°) and C (< 3°), while 30° gives the smallest RMSE value for Position B (< 4°), and 
all the calibration angles for C give errors smaller than 5° in the low elevation range.  
In high elevation angles, Position A gives relatively high errors and Position C gives the 
smallest RMSE values. Calibrating at 120° gives the smallest errors for all attachment 
positions, also calibrating at 90° (< 3°) and 60° (< 5°) give low RMSE values for  
Position C.  
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Table 7-3: Mean RMSE values, 95% calibration intervals, standard errors of measurements and p-
values for the scapular upward rotation. 
95% Confidence 
intervals 
Range 
 of 
abduction 
Position  Calibration angle  Mean 
RMSE 
(°) 
Lower 
bound 
Upper 
bound 
Standard 
error  
S.E.M 
Position 
(p-value) 
Angle 
 (p-value) 
Position * 
Angle 
 (p-value) 
A No abduction 
30° 
60° 
90° 
120° 
7.35 
5.10 
4.33 
7.49 
17.16 
4.09 
3.14 
3.49 
4.68 
8.95 
10.61 
7.05 
5.17 
10.30 
25.36 
1.33 
0.80 
0.34 
1.15 
3.36 
B No abduction 
30° 
60° 
90° 
120° 
4.75 
3.87 
4.12 
5.76 
9.62 
3.79 
2.31 
2.48 
3.61 
4.44 
5.72 
5.42 
5.77 
7.91 
14.80 
0.39 
0.64 
0.67 
0.88 
2.12 
≤ 90° 
C No abduction 
30° 
60° 
90° 
120° 
3.90 
3.02 
2.47 
3.42 
4.79 
2.36 
1.65 
1.98 
2.11 
2.32 
5.43 
4.38 
3.00 
4.72 
7.26 
0.63 
0.56 
0.22 
0.53 
1.01 
0.009** 0.001** 0.032* 
A No abduction 
30° 
60° 
90° 
120° 
10.75 
12.25 
13.28 
8.73 
6.35 
4.77 
6.90 
10.03 
5.64 
3.49 
16.73 
17.59 
16.53 
11.83 
9.22 
2.45 
2.18 
1.33 
1.27 
1.17 
B No abduction 
30° 
60° 
90° 
120° 
7.91 
8.51 
8.55 
5.67 
3.92 
5.41 
4.13 
4.27 
3.43 
2.23 
10.42 
12.89 
12.83 
7.91 
5.61 
1.02 
1.79 
1.75 
0.92 
0.69 
> 90° 
 
C No abduction 
30° 
60° 
90° 
120° 
6.25 
5.33 
4.06 
2.54 
2.36 
4.35 
2.49 
2.66 
1.51 
1.40 
8.12 
8.17 
5.46 
3.58 
3.32 
0.77 
1.16 
0.57 
0.42 
0.39 
0.004** 0.000** 0.140 
*p < 0.05 **p < 0.01 
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Figure 7-10: Acromial tracker errors for the scapular upward rotation. The errors are shown for 
positions A, B and C and for calibrations at no abduction and 30°, 60°, 90° and 120° of 
humerothoracic abduction.   
Upward Rotation 
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Posterior Tilt 
Table 7-4 show the mean RMSE values, standard errors and p-values for the scapular tilt 
for low and high elevations, and Figure 7-11 show the errors plotted against the 
humerothoracic abduction. 
The p-values in Table 7-4 show that there is no significant difference between the 
positions of attaching the acromial tracker, but there is a difference between the 
calibration angles (p < 0.01).  In low elevations, all three positions give relatively small 
RMSE values, with the smallest values obtained when the acromial tracker is calibrated at 
60° and 30°.  
At high elevation angles, the acromial tracker overestimates the posterior tilt beyond 90° 
of humerothoracic elevation (Figure 7-11), Position A in particular shows a great increase 
in error beyond 90°, positions B and C also show an increase in the error but the increase 
is much smaller than A. The best calibration angle is 120° for all three positions giving 
RMSE values of less than 5°. However, calibrating the acromial tracker at lower angles 
can give much higher RMSE values for the three positions, highlighting the importance of 
calibrating at high elevation angles on reducing the error of the scapular tilt.  
As with the internal rotation, calibrating at low angles can hugely overestimate the 
scapular posterior tilt towards the end of motion, while calibrating at high angles would 
underestimate the rotation at the start of motion. However, the errors caused by the 
underestimation when calibrating at high elevation angles are much lower than the 
overestimations caused by calibrating at low elevation angles.   
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Table 7-4: Mean RMSE values, 95% confidence intervals, standard errors of measurements and p-
values for the scapular tilt. 
95% Confidence 
intervals 
Range 
 of 
abduction 
Position  Calibration angle  Mean 
RMSE 
(°) 
Lower 
bound 
Upper 
bound 
Standard 
error  
S.E.M 
Position 
(p-value) 
Angle 
 (p-value) 
Position * 
Angle 
 (p-value) 
A No abduction 
30° 
60° 
90° 
120° 
3.26 
2.60 
2.34 
3.84 
7.25 
2.10 
1.86 
1.77 
2.28 
4.55 
4.41 
3.35 
2.91 
5.41 
9.96 
0.47 
0.30 
0.23 
0.64 
1.11 
B No abduction 
30° 
60° 
90° 
120° 
3.62 
3.33 
3.08 
4.52 
6.03 
2.07 
2.10 
2.10 
1.91 
4.41 
5.16 
4.56 
4.05 
7.14 
7.66 
0.63 
0.50 
0.40 
1.07 
0.67 
≤ 90° 
C No abduction 
30° 
60° 
90° 
120° 
3.68 
3.08 
2.76 
3.74 
6.20 
1.63 
1.76 
2.00 
2.23 
3.19 
5.74 
4.39 
3.52 
5.25 
9.22 
0.84 
0.54 
0.31 
0.62 
1.23 
0.906 0.000** 0.734 
A No abduction 
30° 
60° 
90° 
120° 
22.05 
20.55 
18.53 
12.95 
4.65 
-0.22 
0.81 
0.72 
1.45 
2.63 
44.31 
40.29 
36.35 
24.46 
6.66 
9.10 
8.07 
7.28 
4.70 
0.82 
B No abduction 
30° 
60° 
90° 
120° 
13.62 
13.86 
12.73 
8.45 
4.32 
6.29 
6.73 
5.81 
4.68 
2.31 
20.96 
20.98 
19.65 
12.22 
6.33 
3.00 
2.91 
2.83 
1.54 
0.82 
> 90° 
 
C No abduction 
30° 
60° 
90° 
120° 
9.03 
8.81 
7.66 
6.86 
3.76 
6.32 
5.78 
4.66 
4.61 
2.58 
11.73
11.83 
10.67 
9.12 
4.95 
1.11 
1.24 
1.23 
0.92 
0.49 
0.272 0.008** 0.266 
*p < 0.05 **p < 0.01 
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Figure 7-11: Acromial tracker errors for the scapular tilt. The errors are shown for positions A, B 
and C and for calibrations at no abduction and 30°, 60°, 90° and 120° of humerothoracic abduction. 
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Although a significant difference in the RMSE values between the positions of 
attachment is only found with the upward rotation, Position C seem to give the smallest 
RMSE values for all rotations and this is also consistent with all the subjects included in 
the study as shown by the small standard errors for Position C. This is likely to be caused 
by the bulging of the deltoid beyond 90° of elevation which pushes the acromial tracker 
causing it to measure more external rotation and posterior tilt than the actual scapular 
movement as reflected in Figure 7-9 and Figure 7-11. The acromial tracker seems to be 
more affected by the contraction of the deltoid muscle when placed closer to the anterior 
edge as in Position A. However, some of the subjects who exhibited more muscular 
shoulders also showed high errors when the acromial tracker was placed in Position B; 
this was visually observed but not quantified. This explains the high standard errors 
shown in the table for positions A and B. On the other hand, Position C was the least 
affected by the deltoid contraction and was found to be the best position to place the 
tracker in all participating subject. The effect of the position of attachment can also be 
clearly seen when the subject reaches maximum elevation as seen in Figure 7-12.  
 
Figure 7-12: Effect of deltoid contraction on tracker movement. a) acromial tracker attached to 
Position A, b) device attached to Position B, c) device attached to Position C and d) showing positions 
A, B and C at maximum elevation.  
The best elevation angles during calibration differed between the low and high ranges of 
abduction. For low elevations, 60° was found to be the best calibration angle while for 
high elevation calibrating at 120° gave the smallest errors. However, when the full range 
of motion is taken into consideration for the internal/external rotation and scapular tilt, 
calibrating at high elevation angles is found to introduce smaller average errors than when 
a b c d 
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the tracker is calibrated at the anatomical position or at low elevation angles (Figure 7-9 
and Figure 7-11).   
In summary, the results show that Position C is the least prone to skin displacement errors 
and is therefore the best position for the placement of the acromial tracker. In studies 
involving the measurement of activities of daily living within the functional range of 
motion, it is best to calibrate the tracker at 60° of elevation and for studies involving 
activities at the end of range it is advisable to calibrate the tracker at 120° of 
humerothoracic elevation. However, when the movement being measured involves 
activities covering a large spectrum of the shoulder range of motion, it is suggested to 
calibrate the device at 90°. Finally, the calibration angles used in this study are precise 
because the dynamic tracking allowed the extraction of the scapular landmarks positions 
at the exact humerothoracic angles used during calibration. In future studies making use 
of the acromial tracker, it is possible to calibrate the device at estimated humerothoracic 
angles in static trials.  
7.5  Summary 
The aim of this chapter was to find the position of attachment of the acromial tracker and 
the elevation angle during calibration that gives the most accurate measurements when 
the acromial tracker method is used. Scapular measurements were obtained from the 
acromial tracker and the scapula locator simultaneously for three consecutive abductions 
and the test was carried out for three attachment positions on the acromion. As part of the 
post-processing the device was calibrated relative to the locator for five abduction angles. 
The RMSE values were calculated separately for low and high humerothoracic elevations. 
The errors shown in this chapter for the calibration of the acromial tracker at the 
anatomical position are of similar magnitudes to those reported in previous studies 
(Karduna et al., 2001; Meskers et al., 2007; van Andel et al., 2009). However, the results 
demonstrate that these errors can be reduced significantly by choosing the correct position 
of attaching the acromial tracker and the correct shoulder orientation during the 
calibration of the device. The results also show good accuracy values when the device is 
used beyond 100° which has not been reported in any previous studies and is of a great 
importance clinically.  
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In this chapter, the acromial tracker method was introduced as an alternative to the 
scapula locator method. The method was originally intended for use in studies requiring 
measurements of the scapular movements in activities of velocities higher than those used 
in functional daily activities (slow-medium) and in more comfortable clinical settings. 
After the method has been tested for three positions and calibration angles, the accuracy 
of the measurements was found to be similar to that of the scapula locator method when 
the correct position of attachment and calibration angle were chosen.  
Further discussion of the results shown in this chapter and an overall discussion of the 
thesis will be presented in Chapter 8.    
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 Summary, Conclusions and Future Work 
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8.1  Summary of Results  
There are many difficulties in measuring scapular movements; these have so far hindered 
the progress in understanding shoulder movement patterns and the development of 
treatments for shoulder pathologies (Anglin and Wyss, 2000).  
Within this work, a thorough study of the available scapular measurement techniques and 
the technical obstacles of accurately measuring the shoulder motion were presented. This 
has led to the development of a new scapula locator method. The new scapula locator met 
all of the specifications of a measurement method to be used in clinical studies looking at 
the functional as well as the full shoulder range of motion (Section 3.5.2.3). The method 
is non-invasive, able to measure the 3D dynamic movement of the scapula (at low to 
medium speeds) over the entire shoulder range and it allows the observer to maintain low 
and equal pressures on the scapular landmarks. The new scapula locator method however 
is observer-dependent and could therefore only be used in low to medium shoulder 
movement velocities (< 40°/s) and has associated errors caused by the manual handling of 
the device by the observer. In order to quantify these errors and compare the accuracy of 
the method to existing techniques, the studies described below were undertaken.     
Study I – Learning to use the Scapula Locator  
The study tested the practicality of the new scapula locator method, as well as 
investigated the effect of short-term practise on the reliability of using the scapula locator 
on its own and the scapula locator with pressure feedback.  
The results showed that there was no improvement in the reliability after learning for 
either method. But it is important to note that the observers were only allowed to take the 
measurements six times, for which the first three were compared to the second three; had 
they been allowed to practise more times, it is possible that the results would have shown 
an improvement in the reliability of the measurements.  
The effect of learning on the reliability of the measurements obtained using the scapula 
locator has not been investigated in any previous studies. However, three practise trials 
were used because three is thought to be a reasonable number to recommend in a clinical 
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experiment where maintaining a maximum length for the experimental protocol is also of 
importance.  
In general, the intra-observer variations of the scapula locator method with pressure 
feedback were smaller than those obtained when the locator was used on its own. 
Nonetheless, it would be incorrect to derive any conclusions from this; there are vast 
inter-individual differences between subjects in bone morphology and shoulder motion 
(de Groot, 1997), and differences between the observers’ tracking ability are also bound 
to exist. Therefore a comparison between two different subject and observer groups can 
bias the results. A direct comparison between the two methods using a single group of 
subjects and observers was carried out in Study II.  
Study II – Using the Scapula Locator with or without Pressure Feedback 
The study investigated the differences in intra-observer errors, inter-observer errors and 
scapulothoracic kinematics between using the scapula locator on its own and using the 
locator with pressure feedback.  
The results showed that using the scapula locator with feedback improves the intra-
observer reliability of the device in measuring the scapulothoracic rotations, but it had no 
effect on reducing the inter-observer variations. A number of studies reported intra-
observer (Johnson et al., 1993; de Groot, 1997) and inter-observer (Meskers et al., 1998b; 
Barnett et al., 1999) errors of using the scapula locator method statically, but none have 
provided any tools to improve the reliability of the method. High errors were also 
sometimes explained to be caused by the lack of experience (Barnett et al., 1999). Study I 
showed that practise alone may not improve the reliability of the measurements. Although 
the difference between the errors of the two methods is relatively small, this study shows 
that the reliability of the measurement may be improved by up to 15 - 20% (0.5 – 1°) 
when pressure feedback is used, this difference can be of significance particularly when 
small rotations such as the scapular tilt are being measured.  
The intra-observer errors reported in the study are of comparable or smaller magnitudes 
to the values reported in previous studies (Johnson et al., 1993; de Groot, 1997), but the 
inter-observer errors are higher than the results reported in the literature (Meskers et al., 
1998b; Barnett et al., 1999). This is likely to be caused by the inclusion of inter-session 
errors due to the measurements being taken over two sessions, and the participation of 
Tracking Scapular Movements  
 165 
three observers in the study instead of two as in all the previous studies looking at inter-
observer variations. Unfortunately, it is impossible to deduce the true inter-observer 
errors from these measurements, but the inter-session errors of one observer could be 
measured and compared to the values reported here; this is addressed in Study III.  
The intra-observer and inter-observer errors were found to increase with elevation angle 
particularly for scapular tilt and internal rotation. This is likely to be influenced by the 
increase in the difficulty of palpation as was also observed in previous studies (Johnson et 
al., 1993; van Andel et al., 2009). However, unlike in static measurements of the scapula 
where the observer palpates the landmarks at every posture, in dynamic tracking the 
observer can only palpate the landmarks at the beginning and tracks them for the rest of 
the motion. This is likely to cause an accumulation of the measurement errors, making it 
more apparent towards the end of movement and it is a disadvantage of using the locator 
as a dynamic device.   
The scapular kinematics obtained using the two methods were compared in order to 
investigate the effect of high or unequal pressure levels on the scapular kinematics. The 
results showed that there is a difference in the scapular kinematics (internal rotation and 
tilt) between the two methods. These differences could be explained by the operation of 
the observer during tracking when no feedback is given; observers could be putting too 
much pressure on the TS and AA probes to ensure that the TS probe is in contact with the 
landmark at all times, therefore causing the scapula to internally rotate and anteriorly tilt 
as signified by the differences in the kinematics. To the knowledge of the author, this is 
the first time evidence is given that forces applied to the scapula could modify the 
scapular physiological motion. However, the measurements of the forces were qualitative 
and the differences between the methods though significant are small compared to the 
measurement errors (intra-observer and inter-observer), so one cannot be confident that 
the differences in the forces applied is what caused the kinematic difference between the 
measurements. Furthermore, this would also assume that observers use the feedback from 
the pressure sensors correctly and are able to maintain low equal pressures on the three 
landmarks even at high elevation angles. It was however notable that all observers spent 
some time ensuring that the pressure applied on the three landmarks was low and equal 
prior to the movement, once this was achieved it was relatively easy for all observers to 
maintain these pressure levels during motion.           
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Study III – The Repeatability of the New scapula Locator Method 
In the study, the repeatability of the method was assessed by quantifying the inter-session 
errors and the intra-class correlation coefficients (ICC) between measurements obtained 
in two sessions approximately six months apart. 
The inter-session errors for the scapula upward rotation were found to be similar to the 
inter-observer errors reported in Study II. This could mean that the differences between 
the measurements obtained for multiple observers were mostly caused by inter-session 
errors rather than actual variations between the observers. For the scapula internal 
rotation and tilt the inter-session errors were smaller than the inter-observer; the inclusion 
of multiple observers has therefore contributed to approximately 1.5 - 2° of the variation 
reported in Study III for the scapular internal rotation and tilt, this is in accordance with 
the inter-observer variations reported in previous studies (Barnett et al., 1999; Meskers et 
al., 1998b).  
Inter-session errors are of great importance clinically because measurements are often 
taken before and after treatments (Roy et al., 2009; Fitoussi et al., 2009; McClure et al., 
2004), and quantifying these errors is crucial in order to correctly interpret the results. 
Despite this, there is very little information in the literature about the inter-session errors 
of using the scapula locator. Meskers et al. (1998b) reported segmental rotation inter-
session errors of 2 - 4° for the thoracic and scapular segments and glenohumeral elevation 
errors ranging between 4 - 8°, but the scapulothoracic rotational errors were not reported 
and these values were reported for a static use of the scapula locator.  
The ICC values showed that the measurements obtained for the scapular tilt using the new 
scapula locator method are very reliable across sessions, the scapular internal rotation 
measurements were also strongly correlated in low elevation angles and moderately 
correlated above 90° of elevation. The upward rotation however was greatly affected by 
day-to-day changes and there was no correlation between the measurements of the two 
sessions, but the method was still able to distinguish between different subjects using the 
RoM values for the upward rotation. This is a surprising and disappointing result for the 
upward rotation as it is the greatest scapular rotation during abduction, and it suggests 
that for studies carried out on a number of sessions conclusions about the upward rotation 
should be based on the RoM alone and not the actual measurements when using this 
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tracking device. In addition, scapular upward rotation is frequently assessed as 
pathological and muscle patterning rehabilitation frequently focuses on modifying this 
variable. Conversely, for the internal rotation and tilt, the results are very promising, 
mainly because of the difficulties in measuring these rotations (van Andel et al., 2009; 
Klimkiewicz et al., 1999) and their clinical relevance (Solem-Bertoft et al., 1993; 
McClure et al., 2006; Ludewig and Cook, 2000). The scapular tilt rotation in particular 
was found to be very reliable across sessions with the errors being of comparable 
magnitudes to the intra-observer errors reported earlier in Study III. But it should be 
noted that the results of this repeatability study was based on the measurements of a 
single observer and are maybe different if a different observer obtained the 
measurements.  
Although the intra-observer, inter-observer and inter-session errors of the scapula locator 
method have been quantified, these only partly determine the accuracy and precision of 
the measurements. Ideally the method would be compared to a bone-based method to 
determine its true accuracy, this would require using an invasive technique and was not 
carried out in this work. However, the high reliability of the method compared to previous 
measurement techniques could be a good indicator of its accuracy.      
Study IV – The Acromial Tracker  
The study looked at finding the optimal attachment position on the acromion and the 
optimal elevation angle during calibration of the acromial tracker. The measurements of 
the device were compared to measurements obtained using the scapula locator method. 
The results showed that in general placing the tracker near the scapular spine gave the 
most accurate measurements; this is because, placing the device near the scapular spine 
avoids the skin deformation caused by the deltoid contraction which causes most of the 
reported errors. On the other hand, placing the tracker near the anterior edge gave the 
worst results and placing the tracker above the acromial angle also gave high errors for 
some of the subjects; these subjects were noticeably the ones with the more muscular 
shoulders.  
The results showed that calibrating the device at 60° of elevation gave the most accurate 
scapulothoracic rotations for low elevation angles (< 90°) when compared to the 
measurement of the scapula locator, and it is therefore more suited for activities of daily 
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living in the functional RoM, while for movements occurring at high elevations   (> 90°) 
it is best to calibrate the device at 120°. When the activities being measured cover a wide 
spectrum of the shoulder RoM, 90° was found to be the best angle for calibration with 
RMSE values ranging between 3 - 5°.  
Although this study has made use of the dynamic tracking scapula locator method to 
calibrate the acromial tracker, calibrating the device at static shoulder postures should be 
of sufficient accuracy. Differences between the static and dynamic scapular kinematics 
were not covered within this work, but although some studies reported a statistically 
significant difference at different velocities, these differences were small (Sugamoto et 
al., 2002; Fayad et al., 2006), and are within the variation in the subject motion (motor 
noise) and are therefore unlikely to have a great effect on the calibration of the device.  
The results achieved in this study are significant advancements on the current use of the 
acromial tracker device. The calibration of the device was previously suggested by 
Meskers et al. (2007), and was only carried out at the anatomical position (van Andel et 
al., 2009). Previous studies making use of the acromial tracker have also placed the 
device just above the acromial angle (Karduna et al., 2001; Meskers et al., 2007). For this 
position and calibration angle combination, the RMSE values are in the range of 6 - 10° 
which are double the RMSE values of the best position and angle combination (3 - 5°). 
These high errors occurring at the end-of-range is the reason the use of the method was 
discouraged for elevations greater than 90° in previous studies (Karduna et al., 2001; 
Meskers et al., 2007; van Andel et al., 2009) and it emphasises the importance of 
choosing the correct attachment position and calibration angle to obtain accurate 
measurements.   
Interestingly, the errors obtained for the best position and calibration angle are 
comparable to the errors of using the scapula locator (the calibrating device). This 
suggests that provided the tracker has been placed and calibrated correctly, it is possible 
to acquire scapular measurements which are more convenient and more dynamic – than 
when the scapula locator method is used on its own – without compromising on the 
accuracy. However, such a method has to be used with caution because attaching the 
device in an incorrect position can yield high measurement errors, particularly at the end-
of-range.  
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8.2  Other Errors  
There are many sources of error contributing to the measurements of upper-body 
kinematics. The errors directly related to the measurement of the scapular motion, such as 
skin artefact errors over the scapular region and observer handling errors, have been 
addressed in this work but other errors also include:  
 Errors of the motion tracking system. These errors are in the range of 0.1 - 0.4 mm for 
the optical motion tracking system used in the studies presented here. There were 
therefore assumed to be of negligible magnitude compared to other error sources. 
However, the system calibration errors are much higher when the subject moves away 
from the centre of the volume and can be of significance. In the studies presented here 
the subject was seated in a stool in the middle of the capture volume and these errors 
were therefore minimised. 
 Landmark calibration errors. Although the LE and ME positions were digitised in 
order to reduce the errors caused by skin deformation around the joint, some errors 
are introduced when these landmarks are calibrated, the errors are related to the 
digitising pointer moving away from the landmark as well as errors in palpating the 
landmark positions caused by skin movement and slippage. These digitisation errors 
have been quantified to be approximately 1.5 – 3.5 mm in previous studies (de Groot, 
1997; Salvia et al., 2009). 
 Errors in the estimation of the GH CoR. The glenohumeral joint has three 
translational DoF and therefore does not have a fixed CoR. Although the 
glenohumeral translations in a normal shoulder have been estimated to be 
approximately 1 mm (Graichen et al., 2000b), assuming that there is a fixed CoR for 
the glenohumeral joint introduces errors to the measurements; these errors could be 
greater for a pathological population. There are also errors associated with the 
algorithm used in the estimation. These were found to be less than 1 mm (Gamage 
and Lasenby, 2002; Camomilla et al., 2006).    
 Palpation of the thoracic and humeral landmarks. The errors caused by the palpation 
of the landmarks on the humerus and thorax contributed to the inter-session errors of 
the scapula locator method. In a study by de Groot (1997), positional errors of the 
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humeral and thoracic landmarks ranged from 3 – 5 mm and rotational errors were 
found to be approximately 2°.   
 Motor noise: the variation of the subject movement. Motor noise was found to be 
responsible for 33% of the error (3 – 6°) in a study by de Groot (1997). However, in 
the studies presented here the errors are expected to be much smaller for a single 
session than those reported in the literature. This is because the movement was 
relatively simple, all the subjects had a normal fully functional shoulder and they were 
instructed to follow a line on the floor and the wall using a laser pointer attached to 
the forearm while a metronome was used to help them maintain a constant speed 
during elevation, this was not carried out in previous studies (Meskers et al., 1998b; 
de Groot, 1997; van Andel et al., 2009).  However, motor noise is thought to be the 
main contributor to the inter-session errors presented here; this is because variations 
in the plane of elevation, humeral axial rotation, posture or those caused by fatigue 
were not controlled for within this work. Although it is not possible to account for all 
these variations between the two sessions, some of these errors could have been 
reduced by keeping note of any unaccustomed or vigorous activities the subjects may 
have undertaken between the two sessions, as well as correcting the subjects posture 
and instructing subjects to maintain the same humeral axial rotation e.g. keeping the 
thumb up during elevation.   
 Inter-subject errors. These are caused by the differences in the bone morphology and 
geometry as well as in muscle strength, proprioception and neuromuscular control of 
different subjects. Inter-subject variations are great even in a normal population (de 
Groot, 1997; Prescher, 2000), these variations challenge the standardisation of data 
collection and analysis and the definition of a normal shoulder movement pattern and 
range of motion.    
 Errors in the calculation of joint rotations. These errors are caused by the 
simplification of the shoulder joints into ball-joints, interpolation errors and gimbal 
lock positions. 
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8.3  Limitations and Future Work 
Some of the limitations to the specific studies have already been discussed in        
(Section 8.1), but other limitations also include: 
 The restriction of movement to the scapular plane. All the errors calculated in Studies 
I-IV have been limited to movements in the scapular plane. It is possible that the 
measurement errors for the scapula locator and the acromial tracker method would be 
different for different planes and movements. However, the scapular plane was 
chosen, because of its clinical relevance as it is the plane used to perform most of the 
functional activities (Freedman and Munro, 1966; Johnston, 1937). Previous studies 
that have looked at the errors of other planes and movements have also found similar 
errors to those obtained during abduction in the scapular plane (van Andel et al., 
2009; Karduna et al., 2001). Nevertheless, for a complete assessment of the 
performance of the methods proposed here, it is important to quantify the errors for 
other shoulder movements and planes of motion. 
 Assessing the rotational errors only. The studies concentrated on assessing the 
rotational errors of the scapular locator and the acromial tracker methods and not the 
positional errors. It is impossible to calculate the translations occurring in the 
glenohumeral joint using these methods, because the glenohumeral joint CoR was 
assumed to be a fixed point relative to the scapular co-ordinate frame, and also 
because of the very small magnitudes of these translations compared to the 
measurement errors discussed in the previous sections. The acquired data would allow 
assessment of the scapulothoracic translations by measuring the movement of the 
origin of the scapular co-ordinate frame (AA) or the GH CoR relative to the thorax 
(thoracic co-ordinate frame). The accuracy of the scapula locator and the acromial 
tracker in measuring the scapulothoracic translations have not been looked at in great 
detail within this work and can form the basis of future studies.       
 The use of a normal population. All of the studies presented here have made use of a 
normal population and a limited number of subjects. The subjects recruited in these 
studies are likely to have different BMI, mean age, posture and kinematics to the 
populations used in clinical (pathological) and sport-related (athletes) studies and may 
therefore not be representative of these populations. This could also mean that the 
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errors quantified in Studies I-IV are underestimated. This work could have benefited 
from the inclusion of some pathological subjects in order to truly assess the 
measurement errors before the techniques are used in clinical studies, which is the 
main aim of the thesis.  
8.4  Areas of Application 
There is evidence to suggest that scapular kinematics are closely related to shoulder 
pathologies (Ludewig and Reynolds, 2009; Ludewig and Cook, 2000; Lukasiewicz et al., 
1999), but a sufficient understanding of its movement and advancements in treatments of 
shoulder pathologies have been hindered by the difficulties in measuring the scapular 
kinematics. The works presented here have focused on providing tools to accurately 
measure the scapular orientation and movement. These tools have proved to perform 
better than available scapular measurement techniques and can now be used in future 
clinical studies looking at defining a normal shoulder movement pattern, analysis of 
pathological disorders, development and assessment of shoulder orthotic and prosthetic 
devices and improving biomechanical shoulder models. In fact, the new scapula locator 
method developed here has already been used to investigate the effect of shoulder taping 
on a normal population (Lee, 2009) and to validate a scapular tracker method (Prinold et 
al., 2009). 
The new scapula locator method was mainly developed for clinical studies and its use is 
limited to slow to medium paced activities. This is because it was intended for use in 
clinical studies investigating scapular movement in functional daily activities (ADL’s) 
and assessing the shoulder overall range of motion; these studies are unlikely to require 
velocities greater than 40°/s. On the other hand, the calibrated acromial tracker method 
allows for a more comfortable measurement of the scapular kinematics in fast dynamic 
movements. This has many applications in studies looking at injuries caused by repetitive 
movements (Figure 8-1) in overhead athletes (Cools et al., 2004; Cools et al., 2008), 
office workers (Greening and Lynn, 1998) and performing artists such as musicians 
(Ackermann et al., 2002) and dancers (Cho et al., 2009). Understanding the scapular 
motion during such activities is key in improving preventative measures (Sohl and 
Bowling, 1990), rehabilitation treatments (Cools et al., 2007) and performance (Treiber et 
al., 1998).    
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Figure 8-1: Shoulder injuries caused by repetitive movements. Injuries are common in musicians 
(Potter and Jones, 1995) and overhead throwing athletes (Burnett et al., 1998).  
In the field of animation, motion tracking technologies are used to capture human 
movements and build underlying mechanical models to create animated characters 
(Maurel et al., 1996). The shoulder is one of the most difficult joints to capture and it is 
usually poorly created in animated films and computer games (Molet et al., 1997; 
Bodenheimer et al., 1997; Menache, 2000). This is because these technologies also make 
use of skin-based markers to capture human movements (Figure 8-2) and are therefore 
affected by the inaccuracies caused by skin deformation particularly over the scapular 
region. The animation and computer-game industry can also benefit from the scapula 
measurement techniques proposed here to build accurate underlying structure for more 
natural human-like movements.  
 
Figure 8-2: Shoulder movement poorly created in animated films.  
The methods proposed in this work could also be used to acquire information about the 
normal shoulder pattern and range of motion. This information is of a vital importance in 
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© Disney 
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building accurate biomechanical models; such models are often used in the development 
of shoulder prosthesis, prediction of muscle forces and to increase understanding of 
shoulder injury mechanisms. Furthermore, this information can be used to build 
predictive models for the scapular motion which can be used as an alternative to the direct 
tracking of the scapula bone as will be discussed in the following section.  
8.5   Alternative Approaches to Scapular Tracking 
The methods discussed and presented in this work have focused on obtaining accurate 
measurements of the scapular motion for use in clinical studies. However, as discussed 
previously the methods presented here can be used to create regression models to predict 
the scapular orientation and therefore eliminate the need to directly track the movement 
of the scapula bone. This is made possible because of the consistent and reproducible 
relationship between the movement of the humerus and the scapula (scapulohumeral 
rhythm) which has been reported in many previous studies (Mandalidis et al., 1999; Haza, 
1988; Price et al., 2000; McQuade and Smidt, 1998; Braman et al., 2009). 
A regression model for the scapular motion would ideally make use of a large number of 
subjects because of the high inter-individual variations (de Groot, 1997) and it would also 
cover a wide scope of the shoulder elevation planes and range of motion (de Groot and 
Brand, 2001). Inputs such as the angulation of the arm, the position of the humeral centre 
of rotation, the initial position of the scapula and the plane of elevation can be used to 
build a regression model to predict the position of the scapula during shoulder 
movements. An accurate predictive model can be used where a clinical set-up is not 
preferred, such a model would be of a great advantage in areas such as animation and 
ergonomics as discussed in the Section 8.4, however it is unlikely to be as beneficial in 
analysing pathologies and extreme sports where the scapulohumeral rhythm is extremely 
distorted.  
Because the focus here was to find a method suitable for clinical studies, a direct 
measurement of the scapula was needed and the development of a regression model was 
not carried out as part of this work. Furthermore, information about the scapular motion is 
needed to build a regression model, and in the absence of an accurate scapular 
measurement method a model could not be built. This can now be carried out in future 
studies in the area of scapular tracking. 
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Appendix A: Scapula Locator 
 
  
Tracking Scapular Movements  
 187 
Appendix B: Euler Rotations 
Euler angles are sequential rotations about the co-ordinate frame of a system, where the 
second and third rotations occur about rotated axes defined by one (for the second angle) 
or two rotations (for the third angle). Using different sequences of rotations would 
therefore result in different angles.  
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The transformation matrix corresponding to the Euler rotations α, β and γ in the sequence 
x y’ z’’ is: 
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Appendix C: Acromial Tracker  
 
 
 
 
